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The experimental performance together with the theoretical 
predictions ·of strains and deflections of thin fibre cement 
corrugated sheets are principally reported in this thesis. 
Existing theories of tensile behaviour of fibre reinforced cement 
are reviewed. Asbestos cement and alternative fibre reinforced 
cement technologies associated with these sheeting materials are 
discussed. 
Asbestos cement and polypropylene network reinforced cement 
corrugated slJ,eeting have been tested under a variety of loading 
regimes and support conditions. ａｳ｢･ｳｴｯｳＭｦｲ･･ Ｚ ｾｯｭｭ･ｲ｣ｩ｡ｬ＠ products 
have also been tested. Finite element analyses. based on the LUSAS 
system have been used to predict the shape of. the uncracked load-
deflection curves and deflection and strain profiles of various 
corrugated sheets with different geometrical profiles. Wetting 
and drying ｾ･ｳｴｳ＠ on tmcracked asbestos cement. and polypropylene 
network reinforced cement sheets have been carried out and a 
prediction made using the Lusas program of the. warping stresses 
caused by moisture gradients. 
A new approach has been developed to predict the load-deflection 
curves and deflection profiles of semi-cracked and severely 
cracked polypropylene network reinforced cement sheets under 
various loading regimes. In this approach, cyclic loading 
characteristics of the tensile specimens were ｵｳｾ＠ to estimate the 
elastic modt.lli of the cracked composite for various numbers of 
cracks at two different load levels. 
Generally, the theoretical predictions show good ｡ｧｲ･･ｾ･ｮｴ＠ with 
the experimental results for uncracked and cracked sheets and 
hence the mathematical models could, with confidence, be used to 
assess the performance of a range of corrugated sheeting with 
\ 
various loading configurations. 
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rnAPIER 1 
The concept of reinforcing cement matrices to overcome their 
brittle characteristics has revolutionised the construction 
industry around the world, making cement composites the foremost 
among the construction materials of the twentieth century. The 
inclusion of fibres, either randomly orientated or continuously 
aligned, improves the fracture toughness, imp?ct resistance and 
tensile strength of cement based materials. The major application 
of fibre-reinforced cement is in thin sections which have been 
primarily used as cladding and roofing ma.terials in flat or 
corrugated form. Asbestos cement has been the leading fibre 
reinforced cement sheet material with enormous commercial success 
world-wide and has been tmchallenged for several decades. However, 
this material now comes under strong crittcism as a result of 
health hazards associated with the handling· and working with 
asbestos fibres. 
The Advisory Committee on Asbestos (HMSO, 1979) recommended that 
manufacturers of asbestos products should be obliged to consider 
the substitution of asbestos by other safer materials. As a 
result, considerable research effort has been devoted to the 
development of non-asbestos fibre based composites. In effect, 
there are many alternatives, substitutes and replacements for 
asbestos, but the material which will replace asbestos 
successfully would be under detailed examination for its cost, 
performance and durability as a future sheeting material. 
One such composite commonly called NETCEMR has been developed at 
the University of Surrey during the past 10 years and consists of 
R - Registered Trade Mark of the university of Surrey 
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a cement matrix reinforced with opened layers of continuous 
networks of fibrillated polypropylene .film, as described by 
Hannant and Zonsveld (1978, 1980). Recently packs of the network 
called Retiflex have been developed in Italy by Moplefan S.P.A. 
(Montedison group). 
The product has the appearance of asbestos cement, but behaves 
quite differently under test. An important property of this 
material is · that it exhibits a quasi-ductile behaviour which 
results in a. high resistance to impact loads and it can tolerate 
strains to'failure of the composite in excess of 5%. Under 
increasing tensile load multiple fracture of the matrix occurs 
with very fine cracks. These cracks are self-healing with 
residual hydrating cement or with carbonation products (Hannant et 
al, 1983) ｡ｾ､＠ therefore do not permit the ingress of water. The 
quasi-ductile behaviour of the material when cracked results in 
considerable theoretical problems in the analysis of corrugated 
sheet and it was towards the solution of these problems that this 
thesis is directed. 
Another prominent fibre, cellulose, has been more in favour as a 
replacement for asbestos in the UK than other · types of potential 
reinforcement in cement. Cellulose is cheap and abundant and it 
behaves in a similar manner to asbestos during the manufacturing 
process. However, its reduced reinforcement when wet could be 
overcome by incorporating a higher volume fract.ion of the fibre or 
adding a small proportion of ｳｹｮｴｨ･ｴｩｾ＠ fibre such as 
polyvinylalchohol (PVA). The manufacture of Duracem (TAC 
Construction Materials) has adopted this approach for their 
production of asbestos free sheeting material. Cape Board Panels 
Ltd have been producing autoclaved cellulose-reinforced calcium 
silicate sheeting products in the name of UNICEM. More recently 
Eternit have been producing nonrasbestos sheeting materials using 
cellulose and some polymeric fibre as reinforcement. The Building 
Research ｅｳｴｾ｢ｬｩｳｨｭ･ｮｴ＠ and Pilkington Brothers Ltd have developed 
all<ali-resistarit glass fibre sheet materials under the name of 
Cem-Fil II which is more expensive than other alternative fibres 
2 
introduced. All of these products are now commercially available. 
However, their performance as outdoor roofing materials is still 
under investigation and in some respects their durability remains 
indetenninate. 
At the current stage of development, cost and performance are the 
major criteria by which asbestos alternatives are evaluated. 
Theoretical investigation of the performance of corrugated 
sheeting with respect to design requirements can help to reduce 
the amount . of experimental work, especially if optimisation of 
economical profiles is required. This project mainly reports the 
perfonnance of asbestos cement and polypropylene reinforced cement · 
corrugated sheets with detailed experimental work together with 
the theoretical predictions using the finite element method. 
The finite element technique subdivides a continuum into a finite 
ｮｾｲ＠ of components as elements. These elements are 
interconnected by their nodes each of which may have several 
variables. Thus the total behaviour of the system may be 
detennined numerically. For the theoretical analysis the LUSAS 
package has been used which is based on ·the finite element 
displacement method of analysis capable of analysing most types of 
engineering structures including corrugated sheets. The semi-Loof 
thin shell element which was developed by Irons (1976) has been 
used throughout this investigation. 
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<liAPlER 2 
'IliEDREITCAL 'mEA1MENr OF FIBRE <»D!NfS IN TENSIOO 
2.1 Introduction 
Fibre reinforcement is a well established technique for improving 
the mechanical properties of a variety of matrices (Kelly, 1973). 
In the case of hardened cement pastes, their brittle 
characteristics, low tensile strength and poor extensibility can 
be improved by incorporating fibres. Considerable progress has 
been made in the past 25 years in understanding the mechanism of 
reinforcement of cement by fibres and the factors that contribute 
to the properties of the composite.. Romualdi and Batson (1963) 
have shown by fracture mechanics argument that closely spaced 
fine and very stiff fibres, when incorporated into concrete, can 
increase the stress at which cracks first appear in a brittle 
matrix. However, this argument was not justified by direct 
tension test. In contrast, Shah and Rangan (1969) using direct 
tension test results suggested that the behaviour of the material 
could be predicted using a composite materials rule of mixtures 
approach. The lvork of Shah and Rangan was supported by Edgington 
(1973) and Aveston, Mercer and Sillwood (1974) whom measured fibre 
concrete properties in direct ｴ･ｮｳｩｾ＠
The phenomenological description of the stress-strain behaviour of 
the composite in tension was well described by Aveston, Cooper and 
Kelly (1971) who have based their theory of fracture in brittle 
matrix composites on force and energy balance criteria. Excellent 
theoretical reviews for fibre cement and concrete have been 
published, (Hannant, 1978; Majumdar, 1975) and only those aspects 
which are relevant to thin sheet fibre cement are presented 
herein. 
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2.2 Theoretical principles of fibre reinforcement in tension 
The theoretical principles of the tensile behaviour of the brittle 
matrix fibre composites which fail by multiple fracture have been 
developed by Aveston, Cooper and Kelly (1971). This paper is 
extremely important in its theoretical presentation of many 
aspects of composite performance. The theory was developed at the 
National Physical Laboratory ｡ｾ､＠ later extended by Aveston and 
Kelly (1973) and Aveston, Mercer and Sillwood. (1974). The basis 
of the theory is referred to as ACK theory which is based upon the 
following assumptions : 
i) The fibres are continuous and aligned; 
ii) The matrix exhibits a well defined, single valued failure 
strain; 
iii) The fibres are linear elastic; 
iv) The bond between the fibres and the matrix is purely 
frictional with a linear transfer, of stress between 
matrix and fibre. 
The first assumption is justified for the cement reinforced with 
polypropylene networks under discussion, but not appropriate for 
the majority ·of fibre cements like asbestos cement in which the 
fibres are randomly orientated and short, such that composite 
failure is likely to occur by combination of fibre pull out and 
fibre fracture rather than by fibre fracture alone. Cement 
matrices are known to be highly variable throughout the volume of 
the composite in terms of strength (Aveston, Mercer and Sillwoocl, 
1974). The assumption of linear elastic fibres for steel and 
glass may be adequate but is inapplicable for polymer fibres. The 
assumption of linear fibre-matrix stress transfer simplifies the 
analysis but the actual stress transfer distribution is unknown. 
5 
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2.2.1 Idealised tensile stress - strain curve 
The idealised tensile stress-strain curve can be divided into 
three zones as shown in Figure 2.1. The composite is initially . 
stiff, OA, the matrix being dominant until cracking occurs at 
approximately constant stress. The zone of multiple cracking, AB, 
is followed by a less stiff region, BC, in which the additional 
load is carried by the fibres. 
Stress 
J
4 
multiple cracking region •I 
A 
c 
me €cu 
Strain 
Figure 2.1 Idealised tensile stress-strain curve 
These three regions are fully examined in relation to practical 
composites in the following . section. 
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2.2.1.1 Tensile properties of nncracked composite 
For all practical purpose the modulus of elasticity of the 
composite, Ec, in the initial linear ｲ･ｧｾｯｮ＠ of Figure 2.1 (slope 
of OA) before the matrix crack is approxim.ated by the law of 
mixtures which relates the mechanical properties of the individual 
phases and their volume fractions. Ec is given by: 
in which E = modulus of elasticity 
V = volume fraction 
••• 2.1 
suffices m and f refer to matrix and fibre respectively 
Equation 2.1 indicates that a fibre with a higher modulus (Ef) 
than the matrix (Em) will increase the composite modulus above 
that of the matrix alone and consequently increase the stress ｡ｾ＠
which the matrix failure strain, £mu' is reached. For lower 
modulus fibres the reverse is true, although in practical cement 
composites, the difference in either case is unlikely to be of 
major significance due to the low fibre volumes involved. The 
equation 2.1 may be modified to account for uncracked composites 
containing short, non-aligned fibres such that, 
••• 2.2 
Where n1 is an efficiency factor determined by fibre orientation 
whilst nz is determined by fibre length. Both are unity for 
continuous, aligned fibres. The actual values of n 1 after 
particular analysis by Cox (1952) are given as 1/3 for 2-D random 
arrl1/6 for 3-D random fibres. Krenchel (1964) has given values 
of 3/8 and 1/5 the differences arising from assumptions made in 
the theoretical models. 
The length of the fibres determines nz. Laws (1971) has suggested 
that the length efficiency factor is unlikely to be less than 0.98 
with the assumption that the interfacial stress transfer of the 
7 
fibre-matrix is frictional. Allen (1975) assumes elastic 
continuity of the fibre - matrix interface to be maintained and 
has related the fibre length 1, to its critical ｦｩ｢ｲｾ＠ length, lc, 
where lc is defined as twice the shortest length of embedment to 
produce fibre fracture in a pull out test. In this case: 
1 
n2 =--
2lc 
lc 
n 2 =1---
21 
for 1 ｾ＠ lc 
2.2.1.2 Single and multiple fracture 
of brittle matrix composites 
• • • 2. 3 
• • • 2.4 
Single fracture of a composite occurs if, when one of the 
components fails, the other cannot sustain the additional load 
placed upon it. The practical composite is ｵｳｵ｡ｾｬｹ＠ a combination 
of fibres of. strength, a fu' greater than that of the matrix, a mu• 
If the breaking strain of the fibre is less than that of the 
matrix then single fracture will occur when 
• • • 2.5 
where a' m = stress in matrix at e: fu 
The equation states that when the fibres break the matrix is 
tmable to withstand the additional load thrown upon it. But if 
• 2.6 
then the fibres will be successively fractured into shorter 
lengths by multiple fracture, until the matrix attains its 
failure strain. 
8 
The fibres of polypropylene reinforced cement composite studied in 
this thesis have E:fu » E:inu' where multiple fracture of the 
material occurs when 
• • • 2.7 
where O'f = stress in fibre at Emu 
The matrix continues to fracture into blocks of lengths in between 
x' and 2x'. Equation 2. 7 may be simplified to evaluate the 
critical fibre volume fraction Vf(crit)' which needs to be 
incorporated to achieve multiple cracking. 
vf(crit) = --- • • • 2.8 
The qualification must be made that the fibre-matrix stress 
transfer is sufficient to transfer extra load into the matrix, 
without which single fracture would occur. 
2.2.1.3 Tensile behaviour of brittle matrix composites 
in multiple cracking and post cracking region 
If the fibre volume fraction of the composite is such that it is 
able to withstand the additional load thrown upon it at the first 
crack and the fibre-matrix interface is capable of transferring 
this load within the length of the specimen, then subsequent 
cracking of the matrix will occur. The crack spacing x' can be 
detennined by considering the balance of load omuVm required to 
break unit area of matrix and the load transferred by the fibres 
per unit area of composite over the distance x' due to the fibre-
matrix frictional bond strength ｾ＠
9 
Assuming N fibres of area A:f and perimeter P f then 
Pf • N • 'l • x' = omu • Vm 
vf 
and since N = --
x' = 
For circular fibres of radius r: 
Vm Olllll r 
x' ..• 2.9 
The additional stress in the fibres will therefore vary linearly, 
between zero at a distance x' from the crack, to a maximum of 
at the crack. The mean additional strain in the fibres is equal 
to the extension per unit length of composi.te at constant load 
Ec omu and is given by: 
a£ 
mu 
11£c = 
" • • 2.10 
2 
where a = ---
10 
----· ..... . 
If the composite breaks down into cracks at the maximum spacing of 
2x' then the strain at the end of the multiple cracking is £me = 
E:mu (1 + a./2). If the crack spacing is x' ｴｨ･ｾ＠ the strain at the 
end of multiple cracking is given by E:mu (1 + ｾ｡ＩＮ＠ Aveston et al, 
( 1974) have suggested that crack spacing is equal to 1.364x'. 
Kimber and Keer ( 1982) have suggested that crack spacing is equal 
to 1.337x'. The difference between the two are minimal and for 
crack spacing of 1.364x' the strain at the completion of multiple 
cracking is given by 
E: me = E:mu (1 + 0.659 a.) ••• 2.11 
This equation is derived assuming linear stress transfer between 
fibre and matrix. 
Upon completion of multiple cracking the increase in load is 
accanpanied by extension of the fibres alone since the matrix is 
unable to carry any extra load. The composite modulus is given by 
EfVf and the composite fails when the fibres break at a .composite 
failure stress, a fu V f• 
2.2.1.4 Prediction of failure strain of the matrix using 
energy criteria 
A theory of predicting the failure strain of the matrix has been 
given by Aveston et al (1971) in which it considers the energy 
balance in terms of work done by the applied load, release of 
strain energy from the matrix, matrix work of fracture, frictional 
work and increase of strain energy in the fibres. The ultimate 
enhanced matrix failure strain, E:muc is thus given by 
11 
£ 
muc 
where T = interfacial frictional shear bond 
Ym = matrix work of fracture 
r = fibre radius 
••• 2.12 
The matrix will fail either when it reaches i-ts normal cracking 
strain Emu or when the strain reaches a value Emuc whichever is 
the greater. ·If the fibre diameter, 2r, is sufficiently small and 
T, the shear strength of the fibre matrix interface, is 
sufficiently. large, the matrix will fracture at a value of £ muc 
greater than that for the unreinforced material, E: mu· Thus the 
theory predicts an enhancement of the matrix failing strain if a 
sufficient volume fraction of appropriate fibrous material is 
incorporated within it ie if Vf = 0 then E: muc = 0. Thus it is a 
lower bound solution. This argument does ｾｯｴ＠ consider the 
mechanics of crack growth and only two conditions are considered: 
the uncracked condition and the situation in which a crack has 
propagated completely across the specimen. The initial equation 
given by Aveston et al (1971) was built up in terms of crack 
spacing x'. Equation 2.12 is derived by assuming 
x' 
thus, using the initial equation, E: muc may be expressed as 
6y m I 1/2 
8 rnuc = I 2.13 
Em x' (1 +a ) 1 
Equation 2 .• 13 shows that as x' is reduced (at constant a ) then 
E:muc may increase. This is the same as increasing Vf in 
Equation 2..12. A good correlation between the theory and 
12 
I 
experimental results, for cement paste reinforced with continuous 
0.13 mm diameter steel wire or with carbon fibre has been 
published by Aveston, et al, (1974). 
Recently, considerations of the mechanics of crack growth and the 
stabilising effects of fibres on crack development have led to 
further theories for the increased failure strain of brittle 
matrices reinforced by fibres (Korczynskyj et al, 1981 and Harmant 
et al, 1983). The theory of Aveston et al, is now considered to 
give, in general, a lower limit to the · strain that must be 
exceeded for cracking to occur. 'Ibis is shown in Figure 2.2, from 
Hannant et al, (1983) in which the similar crack growth theories 
of Korczynsky j et al, (K) and Hannant et al, (H) and the theory of 
Aveston et al, (A) are compared with experimental results of an 
OPC mortar containing between 4% and 26% (by volume) of continuous 
fibrillated polypropylene film. According to the theory of 
Aveston et al, the failure strain of the unreinforced matrix 
(0.022%) would not be increased until the fibre volume exceeded 
about 16%, whereas the ｯｾｨ･ｲ＠ theories predict, more correctly, the 
enhancement in matrix failure strain with fibre volumes increasing 
from zero. The difference in the approaches of Korczynskyj et al, 
and Hannant et al, lies in the assumptions made about the size of 
the relaxation zone around a crack or flaw in a reinforced matrix. 
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film volume fraction, 1',( 0/ 0 ) 
Relation between average matrix cracking strain ani 
film volume fraction of a composite containing 
fibrillated polypropylene. 
(Effective fibre radius 23 ll m, fibre modulus 7. 7 GPa, matrix 
mcxlulus 31.5 GPa, bond strength ( 'T) 0.5 MPa, matrix work of 
fracture 5J m-2, failure strain of unreinforced matrix 0.0222%, 
Griffith crack length 4.1 mm). Upper and lower bars at Vf = 6% 
and 16% indicate the variation of failure strain ｰｲｾ､ｩ｣ｴ･､＠ for 
values ofT between 0.2 MPa and 0.8 MPa. H, Hughes ( 1983); K, 
Korczynskyj et al, (1981); A, Aveston et al, (1971). After Hannant 
et al, (1983). 
2.3 Strength and work of fracture of asbestos-cement composites 
2.3.1 Strength 
There have been increasing attempts in recent years to 
characterise cementitious composites, such as concrete, fibre 
reinforced concrete and asbestos cement, by their fracture 
properties. Linear elastic fracture mechanics concepts have been 
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first applied by Kaplan (1961) to concrete and subsequently 
extended to cement paste, mortar and discontinuous short fibre 
reinforced concrete. However, there has not been a great deal of 
research into the strength and fracture properties of asbestos 
cement published in the open literature. 
It has been shown by Mai (1979) and observed by Akers and Garrett 
(1983) using in situ scanning electron microscopy that fibre pull-
out is the dominant failure mechanism in asbestos cement. 
Assuming that fibre pull-out is the dominant failure mechanism 
then the strength of the composite would be equal to the total 
load per unit area required to extract N fibres of mean pull-out 
length, 1/4, and diameter, d, bridging the crack (Aveston et al, 
1974). Using a simple balance of forces the tensile strength of 
the composite, cru can be written as 
2 TI T r N 1 
cr u = ------ ••• 2.14 
4 
where T is the interfacial shear stress and r the mean fibre 
radius. N can be estimated as 
N • • • 2.15 
Where n is the efficiency factor after cracking which is slightly 
different to tmcracked composite (Harmant, 1978). Combining these 
two Equations 2.14 and 2.15 gives 
a u = n v f -r (.h) 
d 
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••• 2.16 
2.3.2 Work of fracture 
The work of fracture of a material is the energy required per unit 
area of fracture surface to break the material into two pieces. 
It is generally obtained from the area under the load-deflection 
curve of a three point load specimens broken in a slow and 
controlled manner. 
Fracture parameters such as the critical stress intensity factor 
(l<c} and the critical energy release rate (Gc) have been studied 
by a number of different methods and Kc is defined such that 
••• 2.17 
Kc is also referred as the fracture toughness of the material and 
E is the elastic modulus of the material. 
Mai (1979} has shown from studies of the work of fracture by 
Tattersall and Tappin (1966) that the specific fracture resistance 
(R) of fibre-reinforced composite using 3 point bend notched 
specimen is given by 
u 
R= ----- ••• 2.18 
B (W - a) 
·• 
where U is the integrated area under load deflection curve which 
inclu:ies both the crack initiation (Ui) and crack propagation (Up) 
energies, B is the specimen thickness, W is the width arrl a .is the 
notch depth as shown in Figure 2.3. 
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Deflection 
R= Uj+UP 
B{W-a) 
Load deflection curve for determination of (R) by 
work of fracture IIEthocl after Mal (1979). 
2.4 Theoretical principles of cyclic loading in tension 
General theory for the tensile behaviour of a brittle matrix 
composite under cyclic loading has been considered by Aveston et 
al, ( 1971). After cracking of the matrix the relative 
displacement of the matrix and the fibre in the direction of the 
applied stress are different as the fibre extension is increased 
near the crack while that of the matrix is decreased. Such 
relative displacement necessitates overcoming an interfacial shear 
stress T and this results in a hysteresis effect and a permanent 
set at unloading at zero load. Figure 2.4 shows the residual 
strain distribution in unloading sequence suggested by Aveston et 
al for a crack spacing of 2x'. Figure 2.4 (a) shows the strain 
distribution in loaded condition in fibre and matrix. The 
unloading would be elastic if the fibre-matrix shear strength T is 
increased sufficiently to prevent slippage between matrix and 
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fibre. From a balance of forces the unloaded strain pattern is as 
shown in Figure 2.4 (b) by the solid lines. 
If the shear stress T is gradually reduced to the original value 
by which load was transferred into the matrix in the loading 
sequence; ｳｬｾｰｰ｡ｧ･＠ will take place and the stress gradient in the 
matrix will decrease with decreasing T as shown in Figure 2.4 (a) 
by broken lines. When T has reached its original value, slippage 
takes place over a distance x' /2 either side of the crack and the 
mean permanent set of the specimen will be et e: mu Figure 2.4 (c). 
4 
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a) Specimen loaded, crack spacing 2x' 
b) Specimen unloaded at high shear stress(solid lines) 
and then it is reduced to its original value 
(broken lines),crack spacing 2x'. 
c) Specimen unloaded, crack spacing x' 
Figure 2.4 Sbrndn distribution in fibre and matrix as 
unloading proceeds. After Aveston et al, (1974). 
19 
The initial slope of the stress-strain curve on unloading and re-
loading will always have the limiting value Ec but the modulus 
will decrease continuously as an increasing length of fibre slips 
through the matrix as stated by Aveston et al, (1973) and Keer 
(1983) in which the final slope will vary between Ec and EfVf 
depending on the crack spacing and the strain from which tmloading 
began. For a crack spacing of 2x' when the specimen is unloaded 
from a strain at the end of the multiple cracking emu (1 + a/2) 
in the limit, just before unloading is complete, it was shown 
(Figure 2.4) that a length x'/2 will be slipping hence behave with 
modulus EfVf and a similar length will remain elastic with modulus 
Ec. The final tmloading modulus E0 can be calculated as 
Eo=------
Keer (1981, 1983) has developed generalised equations based on 
Aveston et al, (1971) which describe the complete behaviour of a 
cracked fibre cement in loading, unloading and reloading under 
direct tension. In particular, residual strains and changing 
stiffness of the composite are examined assuming that there is a 
linear, frictional stress transfer between fibre and matrix, and 
that the fibres are aligned and continuous. Theoretical 
predictions are later modified to account for inelastic behaviour 
of polyolefin fibres. Keer has shown on unloading from within the 
multiple cracking region the residual strains at zero load, £ r' 
are theoretically independent of fibre modulus and fibre volume 
content and the reloading modulus of the composite at an 
ｩｮｾ･ｲｭ･､ｩ｡ｴ･Ｎ＠ stress is relatively insensitive to changes in fibre 
modulus and fibre volume content. The residual strain at zero load 
of a composite increases as the unloading strain increases. 
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2.4.1 Experimental work on cement composites under -cyclic 
loading -in tension 
Allen (1971,- 1975) has reported detailed cyclic loading tests on 
glass-reinforced cement and asbestos cement specimens. The 
specimens were 25 mm wide and approximately 350 mm long with the 
thickness of 6-8 mm. Tensile axial strains were measured by a 
specially-designed extensometer with a gauge length of about 
75 mm. Specimens were tested in a 45 kN capacity Instron machine 
at a cross head speed of 0.5 or 1.25 mm/minute. Peak strains, 
residual strains and the slopes of unloading curves were recorded 
as shown in Figure 2.5. The residual strain €nr and the stiffness 
Eu (ie the slope of the unloading curve) vary with the peak strain 
€np• In every case the stiffness falls as the peak strain 
increases. This reduction in stiffness in ｡ｳ｢･ｾｴｯｳ＠ cement is very 
gradual, in contrast to the behaviour of glass-reinforced cement, 
which shows a sharp drop in stiffness as the · unloading strain 
increases. This suggests that the cracking damage depends on the 
maximum strain to which the laminate has been subjected. The 
greater the damage, the smaller the contribution of the matrix to 
the stiffness of the laminate. The envelopes of the cyclic stress-
strain curves were roughly comparable with the simple stress-
strain curves of the appropriate material. 
Sarl<ar and Bailey (1975) tested a carbon-fibre reinforced cement 
composite under cyclic loading in which the carbon tapes were 
aligned and continuous. Tensile specimens were 30 mm x 6.4 mm in 
cross section and tests were conducted under displacement control 
at 1.2 mm/minute. The specimens were loaded beyond cracking and 
about four unloading/reloading cycles were carried out until the 
failure was reached. There is no indication that tmloading moduli 
may depend upon the peak strain, as defined by Allen in Figure 
2.5. A good correlation is reported between measured unloading 
moduli and the theoretical final modulus on tmloading suggested by 
Aveston et al, (1971). However, it is not apparent at which 
position on the unloading curve the moduli have been measured. 
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Walton and Majumdar (1978) have reported similar results to 
Allen's on cyclic loading of cement composites reinforced with 
short (51 mm) randomly aligned linear elastic fibres of the 
organic polyamide fibre Kevlar, which has a high elastic modulus 
of approximately 150 GPa. 
Keer (1983) has reported detailed cycling loading tensile tests on 
polypropylene and polyethylene reinforced cement specimens, 
4- 7 mm thick and approximately 25 mm wide. Fibres were aligned 
and continuous with fibre volume fractions of 3 - 12%. Axial 
tensile strains were measured by a clip-on extensometer with 
100 mm gauge length at cross head displacement rate of 
20 mm/minute. The residual strains at zero load for polypropylene 
arrl polyethylene reinforced cement specimens were 35 - 45% and 
about 66% respectively of the strain from which unloading began 
and these values are reduced if specimens are allowed to recover 
at zero load. The high residual strains of the polyethylene 
composite are associated with high residual strains of the fibre 
itself. There is a marked fall in the value of the tangent 
reloading moduli as the unloading strain increases above the 
matrix cracking strain. At higher unloading strains, the 
reloading modulus approaches to the stiffness of the fibre 
fraction alone ie Ef Vf• Theoretical prediction of cycling 
loading behaviour show excellent agreement with the experimental 
results. 
Keer has compared the reloading-unloading modulus of polypropylene 
reinforced cement in cyclic loading with the results of glass 
reinforced and Kevlar composites obtained by Allen (1975) and 
Walton et al; (1978) and concluded that for peaks and strains 
within the multiple cracking region, it is the matrix 
characteristics that dominate the changing composite stiffness 
rather than very different fibre moduli or fibre'volume fraction 
of the materials. 
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tensile stress-slrain curve aFler Allen(1975). 
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3.1 Introduction 
This section describes the most successful fibre-reinforced sheet 
material, asbestos-cement, its enormous market in the past and . the 
considerable decline in its use recently because of the danger to 
health. Possible alternative fibres to replace asbestos are 
discussed and the leading glass, polypropylene, cellulose and 
sisal reinforced cement composites are presented in more detail. 
Comparison has been made between the asbestos-cement and the 
alternative asbestos-free sheeting materials produced in the UK by 
Eternit, TAC Construction Materials, Cape Boards and Panels Ltd 
and also polypropylene reinforced cement sheeting material ｷｈｾ｣ｨ＠
awaits marketing in Europe. 
3.2 Asbestos cement 
Asbestos was known to the ancient world, the earliest application 
being in textile form; lamp wicks and shrouds of asbestos were 
used in classical times. Its memory remained in literature and it 
acquired a mythical quality akin to that of the salamander. 
Asbestos is a generic name given commercially to a group of 
fibrous minerals which occur embedded as veins in certain types of . 
rock ｦｯｲｭ｡ｴｩｾ＠ The fibres when separated may be of exceptional 
fineness with a diameter of less than 10-6 metres and when 
sufficiently long and flexible can be spun and woven in the same 
way as wool or cotton. Besides their fibrous nature, all . 
varieties of asbestos have in common the fact that they are non-
inflammable. A factory for making minor items of apparel was set 
up in Russia under Peter the Great, but the commercial development 
on any scale did not occur until the 19th Century, HMSO (1973). 
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Soon after the beginning of this ｣･ｮｾｵｲｹ＠ Ludwig Hatschek 
discovered the compatibility of asbestos-fibre and ordinary 
Portland cement and produced the first asbestos-cement sheet. The 
invention was patented under Austrian patent No. 5970 (1900). 
Examples of that early production can still be found to this day . 
in the form of roof tiles in parts of Austria. The process of 
manufacture, named after Hatschek or as tne wet process. The 
Italian engineer, Mazza, who met Hatschek, contributed greatly to 
the development of asbestos-cement sheet machinery, and also to 
the process for making asbestos-cement pressure pipes the 
principle of which is still used today. Modification to this 
process has been developed later which is summarised by Ryder 
(1975). Italian engineers have contributed more to the design and 
making of asbestos-cement machinery than any other nationality, 
and Italy has one of the largest concentrations of asbestos-cement 
manufacturers among all the producing countries. 
The following definition of the term 'fibre cement' is due to 
Hayden (1942): "Fibre cement is an artificial stone made of fibres 
and a binder and if required cement fine additions, in the 
preparation of which sufficient fibres are used to ensure their 
uniform distribution in the artificial stone as a result of their 
absorptive capacity for cement-fine materials". 
In asbestos-cement manufacture, cement is present in the slurry as 
a very dilute suspension rather than as the paste in a mortar or 
concrete and the asbestos supports these fine particles of cement. 
If asbestos were not present, all the cement would pass through 
the screens of sieve cylinders. A combination of chrysotile or 
white asbestos (3 Mg0.2Si02.2Hz0) and amphiboles makes a fibrous 
net which provides maximum support and dispersion for the cement 
matrix. There are two factors in the asbestos-cement process 
Which are inter-related, mouldability and film drainage. 
Mouldability depends on the plasticity of the ｾｲ･･ｮ＠ product and 
this, in turn, is a function of the ability of the mix of 
chrysotile and cement to make a water-retentive, slightly 
gelatinous, compound. Amphibole asbestos has filtration rates up 
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to six times greater than those of chrysotile asbestos. Drainage 
problems are removed by the addition of a proportion of amosite 
(5.5 FeO, 1.5 MgO, 8Si02, H2o> or crocidolite (blue asbestos Na2o, 
Fe2o3, 3 FeO, 8 Sio2, H20> to the total asbestos furnish. The 
proportion by weight of asbestos fibres is normally within the 
range of 9 to 12 percent for flat or corrugated sheet, 12 to 15 
percent for pressure pipes and 20 to 30 percent. for fire resistant 
boards. Crocidoli te which is considered to be the most dangerous 
form of asbestos from the point of view of hazard to health is 
extensively used in the manufacture of pres ｳｵｲ Ｎ ｾ＠ pipes to provide 
circumferential reinforcement. 
Since the invention o.f the material by Hatschek the asbestos-
cement industry has developed on a worldwide scale to a high 
degree of sophistication and mechanisation, and accounts nowadays 
for some 26 ｾｩｬｬｩｯｮ＠ tonnes of asbestos-cement products, consuming 
75 to 80% of the worlds total production of the asbestos minerals. 
World production of asbestos in 1984 is believed to be less than 4 
million tonnes per annum (Hodgson, 1985), having fallen from the 
4.3 million tonnes stated in the last published survey of 1982 
(Clifton, 1982) due to the general trade recession and 
environmental pressures. Several geographical regions of the 
world have asbestos mines but the largest deposits are located in 
Canada, USSR and Southern Africa. About 90 countries throughout 
the world produce asbestos-cement, some having· only one machine, 
others having numerous machines. The major producers are in 
western Europe (Austria, Belgium, Eire, France·, Greece, Italy, 
Spain, Switzerland, UK, West Germany} with a total of 208 sheet 
machines and 82 pipe machines. 
lhe technological success of asbestos cement is without a doubt 
the result of the unique properties of asbestos fibres used in 
combination with a hydraulic binder, in which asbestos fulfills 
the two important functions at different levels. First, it is a 
necessary processing aid that enables the dewatering techniques to 
operate. Second, it is a remarkable reinforcing agent that 
greatly increases the mechanical properties of the composite. 
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Roofing and cladding for agricultural and industrial buildings 
have formed by far the largest application and the ability to be 
mmilded into complex shapes has enabled a wide range of 
accessories, to be produced for the roofing applications. 
3.2.1 Health -hazards-associated .with .asbestos cement 
After having been unchallenged for several decades, asbestos-
cement products have come under strong criticism due to the 
increasing awareness of the health hazards associated with 
asbestos. The dangers of exposure to asbestos were known at the 
end of the 19th Century (HMSO 1900), but by the late 1920's it was 
clear from surveys made in this country and in USA (Merewether et 
al, 1930; Dereesen et al, 1938) that a high proportion of older 
workers in the asbestos textile industries were becoming severely 
disabled by a specific type of chest disease due to the dust which 
was named asbestosis. 
Asbestosis and bronchial cancers are caused by inhaling asbestos 
dust over a long period of time and are similar to the 
occupational diseases brought about by inhaling coal dust, silica 
dust, and slate dust. Gilson (1972) states that all types of 
commercially available asbestos can cause these diseases. 
Mesotheliana. is a cancer of the lining of the chest known to be 
caused by inhalation of asbestos fibres and it is believed that 
very short exposure to asbestos dust of the right type can lead to 
mesothelioma. Stomach cancer is also ｢･ｬｩ･ｶｾ､＠ to be caused by 
ingesting food which contains asbestos and workmen exposed to 
asbestos show a marked increase in gastro-intestinal cancer, 
especially stomach cancer. All the asbestos-related diseases have 
in common the existance of a delay or lag-period, usually of many 
years, between first exposure and the onset of symptoms. The most 
dangerous crocidolite fibre is no longer used·in the UK in the 
manufacture of asbestos products, as a result of the stringent 
control limits introduced in the 1969 Asbestos Regulations 
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(HMSO 1969). The Department of Employment has outlined new 
precautions to be taken in industry (HMSO 1975). 
3.3 Alternatives for substituting asbestos in fibre cement 
products 
Today, the search for "asbestos substitute" is well under way and 
an increasing number of asbestos-free propucts are now being · 
promoted and some products are already available in UK markets as 
alternatives to the former asbestos-cement compositions. Indeed, 
the success of this enterprise still in progress, is already 
considerable and will undoubtedly expand further in the near 
future. Ten to fifteen years ago, the very first trials to 
substitute asbestos led to disappointing results. Since then 
considerable progress has been made in replacing asbestos by 
another fibre or mixture of fibres. 
The range of fibres which may be incorporated within a cement 
matrix is wide, however, each has its disadvantages. Alkali 
resistant glass fibre (AR glass), developed in the 1960's for 
cement reinforcement have not achieved any real measure of 
success. Long term ·tests on AR glass reinforced cement have shown 
a decline in reinforcing effect in less than ten years, and many 
other tests indicate that glass fibre is not alkali resistant. 
The development of alkali-resistant glass fibres - through 
collaboration between the Building Research Establishment and 
Pillclngton Brothers Ltd. enabled the production of a new fibre for 
use in cement known as Cem.Fil (Majumdar et al,1974) and its 
further development as Cem.Fil II. This fibre contains a 
considerable amount of zirconium oxide, about 16% by weight, which 
endows the fibres with superior resist?-nce in alkaline 
envirornnent •. However, doubts still remain about its long term 
strength and its high cost may restrict its use to architectural 
cladding units rather than the corrugated sheet market. Licences 
for the manufacture of these products are held in other countries, 
notably in Japan by Asahi Glass Co. 
\ 
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A number of synthetic organic fibres have been proposed as 
alternatives to asbestos fibre, mainly in fipre reinforced cement. 
Most prominent among these fibres are polypropylene (PP) and 
polyvinylalcohol (PVA). Polypropylene as a staple fibre has 
little use as a reinforcement in cement but it has considerable 
potential in the form of a fibrillated network. Few attempts have 
been made to use the other common olefin, polyethylene (PE) as 
reinforcement in cement, but there are references to its use in 
filrurent form to reinforce concrete structures. PVA, is 
hydrophilic and is amenable to inclusion in cement products. It 
does however require a carrier of asbestos or cellulose pulp to 
･ｮ｡｢ｬｾ＠ it to be distributed in frc products, and it cannot be 
satisfactorily mixed in as the sole fibrous component. 
Both polyamide (PAM) and acrylic (PAN) synthetics are suggested as 
possible reinforcements to cement. PAM as fibre may be used as a 
partial substitute for asbestos, but it is costly. Split fibres 
from PAN films have reinforcing properties similar to those of PP 
fibrillates, and the acrylic fibre Dolan 20 (Hoechst) is 
considered suitable in the manufacture of building materials 
otherwise incorporating asbestos. High performance synthetic 
fibres, the most interesting of these are the aramids, which are 
the aromatic versions of the polyamides (PAM). Nylon was one of 
the first polyamides to be used in cement but because of its cost 
there has been little further development in the past ten years 
Harmant (1980). There are about twenty-five varieties of aramid 
fibres, the most well known being Kevlar, which produce high 
strength composites but at such a cost as to make their use 
rmeconomical. The acrylic or polyacrylonitrile (PAN) fibres are 
fairly important as potential alternatives to asbestos and because 
of their poor strength is unlikely to be considered as a 
reinforcing ffbre. 
Carbon fibre in fibre reinforced cement increases the flexural 
strength considerably but it requires an interface binder such as 
polyethylene oxide to facilitate the borrl with ｷ･ｾ＠ cement. Carbon 
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fibre is expensive and uneconomical in comparison with asbestos 
cement. 
Another altemative fibre to asbestos in frc is natural organic 
fibres which include the wood pulps and vegetable fibres, by far 
the greatest bulk of production being the wood fibres. Among 
these celluiose and sisal fibres have been considered as an . 
alternative to asbestos fibres. 
3.3.1 Polypropylene-reinforced cement 
The commercial use of polypropylene fibrillated film fibres to 
increase the impact resistance of concrete products was stimulated 
in the late 1960's by Zonsveld (1970) of Shell International 
Chemical Co. ; who developed a material which consists of up to 2% 
by volume of chopped lengths of polypropylene twine or string in 
concrete and the material made by this process was designated 
Caricrete. This has found bulk commercial application in shell 
piling and in pontoon flotation units for yachting marinas. 
Earlier Goldfein (1965) tried polypropylene monofilaments as 
concrete reinforcement in the construction of blast resistant 
structures for the US Corps of Engineers. The addition of small 
amount of polypropylene fibres, about 5% by volume, led to a 
substantial increase in the ductility and impact resistance of the 
composite. The commercial attractions of a chemically-resistant 
fibre such as polypropylene were obvious because of cost 
compatability with asbestos and with an existing production 
capacity likely to be adequate for massive use as a reinforcement. 
Polypropylene fibres are available in two forms, monofilaments 
produced from spinnarets and, more commonly, film fibres produced 
by extrusion. The extruder is fitted with a die to produce a 
·tubular or flat film, which is then slit into tapes and stretched 
to between 8 and 20 times its original length. The fibrillated 
film is opened to produce continuous networks for use in this 
sheet manufacture. Early 1984, Moplefan SPa, an associate of 
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Montedison, announced ·· the pilot production of RETIFLEX. This 
product overcomes the lateral spring back of the fibrillated 
. . 
polypropylene film by a method of pre-stretching and layering it 
in two directions at right angles to each ｾｴｨ･ｲＮ＠ The edges are 
heat sealed so that the material has operi texture and is self 
supporting. It is multi-layered up to twelve times, and is 
marketed in rolls of bobbins of different widths. A solution to 
the inclusion of a high volume of well bonded fibres was suggested 
by Hannant and Zonsveld in the utilisation of many layers of 
fibrillated networks which continuously span. the length and width 
of the sheet material (Hannant et al, 1978, 1980). This enables 
sufficient polypropylene fibres 5 to 15% to be incorporated to 
produce strong ｣ｯｭｰｯｳｩｴｾｳＮ＠ The excellent mechanical bonding 
between the film and the cement matrix enables closely spaced 
cracking to be achieved. Hughes and Hannant ( 1982) showed 
experimentally that, using fibrillated polypropylene films, 
apparent moduli of rupture of at least 50 MPa could be achieved 
and that the composite exhibited substantial ductility resulting 
from the development of multiple fracture of the matrix. Failure 
of the composite is due to fibre fracture rather than the fibre 
pull-out which occurs in asbestos cement and some other commercial 
available alternatives. 
The composite has been patented (GB patent specification No 1, 
582, 945) and licensed by the University of Surrey. The material 
is known as NETCEM(R). Major development work has been led by 
industrial licensees (Bijen and Geurts, 1980; Vittone, 
Camprincoli, Rosati and Maltese, 1982). Separately Dansk -
Eternit (Krenchell and Jensen, 1980) have studied a similar 
material. 'New fully continuous production process has been 
developed and the material should be marketed in 1986. This 
material could also be produced using parts of asbestos-cement 
plant with some modification. 
Moplefan SPa (1983) have reported laboratory tests conducted on 
specimens of Retiflex/cement in comparison to asbestos-cement as 
shown in Table 3.1 
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Flexural strength: 
Bend over point MPa 
MJR lYIPa 
Impact strength: 
Energy absorbed KJm-3 
Failure 
Flame propagation: 
Heat resistance (max): 
Retiflex/ 
cement 
12-18 
35-45 
1000 
not catastrophic 
does not burn 
150°c 
asbestos/ 
cement 
25-30 
25-30 
6 
catastrophic 
does not burn 
350-400°C 
Table 3.1 CaJplrison between Retiflex/ cement and asbestos-
cenett specimens tested by Moplefan SPa 
Keer and Thon1e (1985) have reported performance of polypropylene 
reinforced cement corrugated sheeting and asbestos-cement sheeting 
tmder various loading configurations. 
Naaman et al (1984) have reported the developments in use of 
polypropylene fibres for concrete and have used twisted 
polypropylene fibres to improve the mechanical bond. Naaman 
(1984) also reported the dynamic behaviour of fibre reinforced 
concrete and its considerable impact resistance when reinforced 
with polypropylene fibres. 
Several methods are already developed for continuous manufacture 
of fibrillated polypropylene reinforced cements. In one of these 
the fibrillated network is pulled through a cement slurry, and is 
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dewatered and collected on a making roller as in asbestos-cement 
manufacture (Stamicarbon NV, 1982). Alternatively layers of the 
network may be wound on to a vacuum drum for continuous spray 
impregnation with a cement paste, or network and cement may be fed 
through a two roll mill, the resulting sheet bei:ng supported at 
the same time by a felt travelling over vacuum boxes (Dow Mac 
· Concrete Ltd, 1982). Both Dansk Eternit, Denmark, and Tunnel 
Building Products, UK, have patented continuous processes for 
applying fibrillated polypropylene to fibre reinforced cement 
... (Dansk Eternit, 1981; Tunnel Building Products Ltd, 1982). 
Montedison have developed the machinery for the continuous 
production of Netcem based on Retiflex. In this development other 
Italian asbestos-cement machinery manufacturers have been 
involved. 
3.3.2 Cellulose-reinforced cement 
Recently, considerable research has been carried out on the use of 
cellulose fibres as an alternative to asbestos. Cellulose is 
available in vast and regenerated quantities, and is not therefore 
a material of doubtful availability. Good quality cellulose, 
suitable for use in fibre reinforced cement products, is less 
expensive ｴｾｮ＠ asbestos, and some of its properties have distinct 
advantages in such products. However, cellulose fibre is 
deficient in two crucial aspects. It is combustible and may be 
degraded at quite low temperatures, and because of its cellular 
nature it has a large water uptake. 
The dimensions of the fibre may not be stable under varying 
moisture content and the fibres rot if kept moist for long 
pericx:ls. Krenchel (1977) reported that roof ｳｾ･･ｴｳ＠ manufactured 
in Denmark with cellulose fibres as reinforcement have ftmctioned 
satisfactorily outdoors for 30 years. Campbell et al ( 1980) have 
compared cellulose fibres with other fibres for reinforcing 
concrete. ｔｨｾｹ＠ mention that up to SO% by weight of the asbestos 
fibre in asbestos-cement sheets have been replaced with cellulose 
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fibres in Australia since the beginning of the 1960's. Also James 
Hardie Co. in Australia have developed , a range of building 
boards, roof cladding, tiles and non-pressure pipes by 100% 
replacement of asbestos using a 6 to 12% loading of cellulose 
fibre in an autoclaved cement-silica or lime-silica reaction 
(J .Hardie Co, 1982). They do not consider the long term 
durability to be a problem. 
Cellulose has been used as substitute for asbestos for long time 
in Scandinavia and recently, cellulose fibre reinforced cement 
sheets were produced using the Hatschek metho4, but long term 
tests on the material are still in progress. From the early 
1970's. Cape Boards and Panels has developed a range of 
autoclaved cellulose-reinforced calcium silicate boards (Harper, 
1982) using asbestos-cement machinery. For the development of the 
product, various fibres were examined and the only fibres which 
they found to offer sensible levels of reinforcement were 
cellulose fibres and the synthetic fibres, Carbon and Kevlar. 
Cellulose fibres had more in favour as a replacement and were the 
cheapest among the three chosen fibres and hence used to produce a 
variety of boards. Using higher level of ｾ･ｬｬｵｬｯｳ･＠ has given 
greater flexibility for better performance in handling, worl<ing or 
bending the product. In 1983, the Cape ｧｲｯｾｰ＠ has produced an 
asbestos-free corrugated sheet in UK under the pame of UNICEM in 
which the matrix is reinforced mainly with cellulose fibres. 
More recently, Eternit Building Products Ltd has produced and 
marketed in the UK non-asbestos corrugated sheets with three 
different profiles. The sheets are manufactured from cellulose 
and polymerie fibres, Portland cement and other constituents using 
the Hatschek method, consisting of conventional laminating and 
corrugating machinery. TAC Construction Materials has produced 
asbestos free corrugated sheets containing cellulose and polymeric 
fibres possibly (PVA) in a small proportion and uses a modified 
Hatschek machinery for the production (Duracem brochure). 
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3.3.3 Sisal-reinforced cement 
Sisal is a strong natural fibre and can be found in many 
developing countries. Its price is reasonable and it grows in 
various tropical environments. Traditionally the fibres were 
prepared by hand and used for ropes, carpets and clothing and it 
was produced commercially in 1898 and East Africa was the largest 
producer ｯｦ ｾ＠ sisal fibres. These were used in the Australian 
building industry (Datye, 1976) as a reinforcement for gypsum 
plaster sheets. Recently, considerable research has been carried 
out to utilize these fibres to produce good quality natural fibre 
reinforced concrete. Dry sisal fibres swell in the presence of 
water and wet fibres have 87% of the breaking strength of the dry 
fibres (Gram et al 1984). 
In 1980 a company named 'Natural Fibre Concrete AB' was formed in 
Sweden which used these fibres to produce corrugated roofing 
sheets and t?e complete production machineries are still under 
development, Gram et al (1984) reported that the major defect with 
sisal fibre reinforced cement corrugated·sheets were the 
embrittlement of the sheet after short ｰ･ｲｩｯ､ｾ＠ of time due to the 
decomposition of the fibres by the alkaline pore water of the 
concrete and constant dry environment which encouraged the 
embrittlement of the composite. Long term research is in the 
process in order to increase the durability of the corrugated 
sheets in outdoor ｣ｯｮ､ｩｴｩｯｾ＠
3.4 Comparison between asbestos-cement and the alternatives 
Cost and availabilities are the principal factors in considering 
materials as alternatives to asbestos, and both of these need to 
be weighed against the technical qualification$ of the various 
candidates described for replacement. Typical values of fibre 
properties, together with the estimated fibre costs and 
availability for asbestos cement and the alternatives are shown in 
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Table 3.2. These data have been taken from Harmant (1978), Harper 
(1982), Gram et al (1984) and Hodgson (1985). 
Table 3.2 shows that with the exception _of cellulose and sisal 
fibres, all costs of replacement are higher than the costs of 
asbestos. In general terms the finished cost of alternative fibre 
reinforced cement is greater than that of·asbestos-cement, but 
that cost must include the mounting expense of ·long term 
development of these products. 
Tensile properties of the asbestos cement composites and the 
alternatives, most of which are in the market in UK, are tabulated· 
in Table 3.3. 
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composite 
material 
Asbestos 
Polypropylene 
Unicem 
dry 
wet 
Eternit 
dry 
wet 
Duracem 
dry 
wet 
Table 3.3 
elastic moclulus 
Uncracked 
GPa 
22.0 
(fully compressed) 
26.0 
15.5 
11.7 
14.6 
15.0 
15.3 
15.3 
tensile 
strength 
MPa 
23.0 
19.0 
17.2 
7.6 
8.0 
6.4 
5.6 
7.1 
failure strain 
micro-strain 
2000 
75000 
1170 
730 
21000 
20000 
2500 
8000 
Tensile properties of various composite material 
The results given in Table 3.3. are from the experimental tests 
carried out by the Construction Materials Research group of the 
University of Surrey on the various materials (private 
conmunication). 
Amongst the alternative fibres described, only cellulose fibres, 
Which are cheap and readily available, function-similarly during 
the manufacturing process as asbestos cement. But their 
hygroscopic aature and degradation at low temperature makes them 
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less favourable as an alternative to asbestos cement products 
unless they are mixed with some type of polymeric fibre in order 
to increase the toughness and failure strain of the composite (eg 
Eternit and Duracem). However, this makes the composite more 
expensive with complications in manufacturing process. 
Polypropylene networks in cement offer a product of considerable 
toughness and high failure strain at a reasonable cost which makes 
it competitive with asbestos cement. 
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<l-IAPIER 4 
APPLICATION OF THE UJSAS PROGRAM 
1U "IHE ANALYSIS OF <lJRRlEA'IED SHFErS 
4.1 Introduction 
The finite element method is a technique for discretising 
continuous systems so that their behaviour ｣｡ｾ＠ be approximated 
numerically • . Intuitively, engineers attempt to solve complex 
problems by breaking them down into their component parts. The 
finite element technique does this by sulxlividing a contimrum into 
a finite number of components known as elements. These elements 
are interconnected by their nodes each of which may have several 
variables. Suitably chosen displacement functidns define uniquely 
the state of displacement, within each finite element, in terms of 
its nodal displacement. The displacement functions define the 
state of strain within an element in terms of nodal displacements. 
The state of stress within an element may be defined in terms of 
strains and the constitutive properties of the element material. 
Since the system is discretised into a finite number of elements, 
each of which has a definite number of variables, the total 
behaviour of the system may be determined ｮｵｭ･ｲｩｾ｡ｾｬｹＮ＠ Continuous 
systems can be defined as having an infinite number of variables, 
thus as the number of elements increases convergence to the exact 
behaviour will result because the number of variables will tend 
towards infinity. The finite element displacement method is 
described in detail by Zienkiewicz (1977) and Bathe (1982). 
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By invoking the principle of virtual displacement on the principle 
of minimum potential energy, a static loading problem is reduced 
to the solution of a set of simultaneous equations: 
where 
[k] {o} = {p} 
{ o} = 
{p} 
[k] = 
vector of all nodal displacements 
vector of statically equivalent applied nodal 
loads, acting on the nodes 
stiffness matrix of the finite element model 
of the continuum 
The solution of thin shell problems has been a major objective 
since the initial development of the finite elemerit method. One 
of the first surveys of finite element representation for thin 
shell analysis was published by Gallagher ( 1969). A vast amount 
of literature has since appeared on the application of finite 
elements to the analysis of thin shells. A substantive review of 
shell theory with particular reference to finite element 
formulations has been given by Morris (1976). Other contributions 
have been made by Cantin (1968) and Dawe (1972) and the techniques 
used to formulate thin shell elements using shell theories are 
presented by' Ahmad et al (1970), Ashwell et al (1976) and 
Gallagher (1975); which give a good descriptibn' of the -state of 
the art. During the last twenty years a number of finite elements 
for thin shell analysis have been derived such as membrane and 
membrane stack elements by Ahmad (1969) and improvements of this 
model by Zienkiewicz et al (1974) and some modification to the 
element by Irons (1973). The good performance of this element led 
to semi-Loof element, Irons (1976) which occupies a special place 
owing to its generality, type of formulation and performance 
Martins et al (1981) and Javaherian et al (1980). 
Throughout this thesis the semi-Loof thin shell element has been 
used for the prediction of the performance of various types of 
thin fibre-cement corrugated sheets using the ｌｵｳｾｳ＠ program. 
41 
4.2 The Lusas finite element system 
Lusas (1980) is a general purpose finite element system capable of 
solving a wide range of linear and nonlinear problems. 
The system·originated in 1970 (Lyons 1977) and is based on the 
finite element displacement method of analysis and offers the user 
the choice of a wide range of over sixty elements ｾｮ｣ｬｵ､ｩｮｧ＠
springs, bars, beams, membrane and flexural plates, axisymmetric 
solids, flat and curved shells, and 3-D solids and solution 
procedures for the analysis of most types of engineering 
structures including thin corrugated sheets. 
Each type of element is given an identifying four character name 
which indicates its type and number of nodes. For example, QSL8 
is a quadrilateral shell element with 8 nodes. All the elements 
in Lusas pass a stringent test called the patch test. This 
ensures that for a fine mesh the results are guaranteed to 
converge to the correct solution. 
The data input is in free format in which data items are separated 
by blanks or commas. A brief description of the data preparation 
procedure with an example of a data file for analysis of a 
corrugated sheet is given in Appendix A. 
The techniques used within Lusas for solving the simultaneous 
equations is based on a modified frontal procedure (Irons, 1970) 
which is an efficient method of solving large numbers of equations 
with large frontwidths as encountered in finite element analysis. 
The frontal procedure is adapted such that element numbering 
rather than the node numbering governs the incoming ･ｾｴｩｯｮｳ＠ ｂＺｾ＠
is thus essential to arrange the element numbering. such that ·eo 
attain minimum front width. The technique is also efficient for 
small problems with only a few elements. 
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4.3 Analysis of uncracked corrugated thin sheet 
This section describes the use of the Lusas program to predict the 
load deflection characteristics of the thin corrugated sheet 
including asbestos cement, alternatives to asbestos cement and 
polypropylene reinforced cement in uncracked condition. The 
stress-strain relationship of asbestos cement, its alternatives 
and polypropylene reinforced cement before any cracking is linear, 
hence, linear analysis is carried out to investigate the 
performance of these sheets under load. 
To describe graphically the mathematical model, nodal 
configuration and finite element mesh pattern of the corrugated 
sheet, Formex algebra was used. This ｡ｬｧ･ｾｲ｡＠ was originated in 
1974 (Nooshin, 1984) at the University of Surrey. Formex algebra 
is a mathematical system that provides a basis for solution of 
problems of data preparation and graphics in computer aided design 
processes. Formex algebra allows networks of all kinds to be 
formulated ｣ｯｾｶ･ｮｩ･ｮｴｬｹ＠ and is a valuable tool in dealing with 
complex configurations. A forrnex may be graphically represented 
and the resulting configuration is referred to as a formex plot. 
Also, every given geometric configuration may be represented by a 
formex. The formex formulation for generating the finite element 
mesh pattern of one of the corrugated sheets in this thesis is 
shown in Appendix B. 
4.3.1. Type of element used 
Asbestos cement and polypropylene reinforced cement sheets are 
thin shell structures, hence, a suitable element is required for 
the analysis of thin shells. 
Following a careful study of the element library of Lusas, the 
semi-Loof thin shell quadrilateral element was considered to be . 
the most appropriate element to use to carry out .the analysis. The 
serni-Loof shell element developed by Irons (1976) has proved to be 
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one of the most efficient elements so far available for linear 
elastic analysis of general thin shell problems (Javaherian et al, 
1980). 
'lliis element is a complex doubly curved isoparametric element with 
eight nodes of three degrees of freedom U, V, W at corner nodes 
and five U, V, W, 0 1 , e2 at midside nodes as shown in Figure 4.1. 
0 1, 02 refers to the Loof rotations about the edge of the element 
at the Loaf points. The positive direction of the Loof rotation 
is defined by the right-hand screw role applied to a vector 
running in the direction of the lower to higher numbered corner 
node numbers along an edge. 'Ihe Loof points are located at nrs 
of the distance from a midside node to a corner node. (Irons, 1976 
and Lusas, 1980). 
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Y,V 
z,w 
u,v,w,e, ,e2 
u,v,w u,v,w 
u,v,w u,v,w. 
Figure 1.1 :Quadrilateral semilooF thin shell element 
ｷｩｴｾ＠ 32 degrees oF Freedom. 3 degrees oF Freedom 
at corner nodes and 5 degrees oF Freedom at 
midside nodes. 
The element formulations take accmmt of both membrane (in-plane) 
and flexural (out-of-plane) deformations. Shearing deformations 
are excluded, as required by thin shell theory. 
4.3.2 Modelling the corrugated sheet 
The art of finite element analysis lies in the development of a 
suitable idealisation of a structure to provide the required 
results. The designed mesh of elements must not be too coarse to 
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make the accuracy of the results unacceptable, but not too fine to 
use too much computer time and extensive ､ｾｴ｡＠ preparation. 
Figure 4.2 shows a typical mesh pattern for a fuil size corrugated 
sheet with a span of 1.38 m and the width of 1.095 m. The Formex 
method is used to generate the finite element mesh pattern. 
Figure 1.2: Typical finite element mesh pattern 
For the analysis oF Full size corrugated sheet. 
To model the width of the corrugated sheet required a minimum of 
eight elements per corrugation because of its curved geometry. A 
different ·number of elements could model the length of the 
corrugation depending on the required accuracy of the results. 
The following runs were carried out on three corrugations with 
elements of different aspect ratio to obtain a reasonable number 
of elements with a satisfactory accuracy for the span of the 
corrugation. · Figure 4.3 shows the different mesh sizes. 
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i) 1 elements along the span 
aspect ratio greater than 20 
a b ' c d 
iii) 16 element along the span 
aspect ratio greater than 5 
c 
ii) 8 elements along lhe span 
aspect ratio greater than 10 
iv) 20 elements along lhe span 
aspect ratio Less than 5 
Figure 1.3: Various mesh sizes along the span oF 
the corrugation with different aspect ratios. 
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Table 4.1 Shows the mid-span deflection at the bottom of the 
corrugation for a UDL of 1 kN/m2 for the above element sizes. 
mid-span deflection 
(mn) along 
aa' 
bb' · 
cc' 
No of elements along the span 
4 8 16 20 
2.107 2.128 2.134 2.134 
1.840 1.849 1.851 1.851 
1.832 1.845 1.848 1.848 
Table 4.1 Mid-span deflection results with different number of 
elements along the span for a corrugated sheet with 
three corrugations of Figure 4.3. 
'Ihe results show that when there are between 8 and 20 elements 
along the span the difference in deflection is less that 0.3%. 
Also a similar pattern is followed in the analysis of stresses and 
strains. Therefore, it was decided that the results of 8 elements 
along the span gave a satisfactory accuracy and any increase in 
number of elements would cause unnecessary storage difficulties 
and occupy extra computer time for the analysis. 
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4.3.3 Techniques used for data preparation 
4.3.3.1 Node coordinates and geometric properties 
To prepare the data for the coordinates of the nodes a general 
polynomial equation of the 9th order was fitted to the section 
profile of a corrugation, hence the x and y coordinates at 
different points were calculated. The section profile was computed 
using a plotter with a digitising sight. The thickness of the 
section at right angles to the corrugation, cross sectional area, 
neutral axis position, section modulus and second moment of area 
of a single corrugation and hence the whole sheet was also 
calculated. 
The typical section profile of a single corrugation of asbestos-
cement sheet and polypropylene reinforced cement sheet is shown in 
Figures 5.8 and 7.4 with some of the calculated parameters. The 
incremental data generation and the automatic mesh generation 
routines ｡ｾ｡ｩｬ｡｢ｬ･＠ in Lusas reduces considerably the amount of the 
data required to describe the model. 
4.3.3.2 Material properties 
The modulus of elasticity of the asbestos-cement was determined 
experimentally using the following procedures which are described 
in detail in Chapters 5 and 6:-
a) In direct tension using strips cut parallel to the 
corrugations. 
b) In bending in the direction transverse to the corrugations 
using a 100 mm wide strip cut from a full size sheet. 
c) In bending parallel to the corrugations using a single 
corrugation tested over a span of 1.38 m. 
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The modulus of elasticity of the polypropylene reinforced cement 
was determined experimentally from tensile strips in direct 
tension in both directions cut from the flat sheet as described 
in more detail in Chapters 7 and 8. Both the asbestos-cement and 
Netcem sheet were analysed as a orthotropic material. 
4.3.4 Prepared data 
An example of the prepared data for the analysis of a corrugated 
sheet under uniformly distributed load is shown in Appendix A. 
4.4 New -approaches used to predict the ｢･ｨ｡ｶｩｯｾ＠ of the cracked 
sheet · 
4.4.1 Intrcx:luction 
This section generally describes the methods developed to analyse 
the behaviour of Netcem sheet when it is cracked. Initially it 
was intended to predict crack position and subsequent load 
deflection performance. However, for reasons explained in this 
section it was only possible to predict sheet behaviour for 
specific known crack position and therefore the complete Lusas 
program was not utilised. 
4.4.2 Use of Lusas non-linear facility 
The Lusas program is capable of solving semi-Loof thin shell 
elements with material non-linearity, including elasto-plastic 
models with Von Mises yield condition and isotropic hardening. 
The tensile stress-strain characteristics of polypropyle1;1e 
reinforced cement follow three distinct regions as shown in 
Figure 4.4. 
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.,.. 
VI 
OJ 
.... 
-
I post cracking 
multiPle crockifl9.,., 
reg jon 
Strain 
Figure 1.1: Typical stress-slrain characteristics oF 
polypropylene network reinForced cement 1n 
direct tension. 
i) Before cracking of the matrix 
ii) Multiple cracking of the matrix 
iii) Post cracking 
To run the non-linear Lusas program for Netcem sheet involved 
discarding the post cracking region of the stress-strain curve in 
order to approximate to an elasto-plastic problem. However, this 
was not a crude approximation as the post cracking region starts 
at about 1% to 2% strain (Section 8.2) dependent on the fibre 
volt.nne fraction. In practice it is almost impossible to exceed 
this strain level in corrugated sheeting and also, the associated 
deflections would not be acceptable in International Design Codes 
of Practice .. 
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To predict the position of any crack and hence the load-deflection 
performance of the corrugated sheet the following assumptions were 
also made before running any ｮｯｾｬｩｮ･｡ｲ＠ program. 
i) Cracking stress of the matrix. 
Cement based matrices are well known ｮｾＮｾ＠ to have a single 
value of the cracking stress due to the inherent 
variability and flawed nature of the material. 
Nevertheless, a single value-for cracking stress had to be 
assumed for the matrix as determined from the average of a 
number of tensile test strips. 
ii) 'That the Von Mises yield criteria applies .. to polypropylene 
reinforced cement 
a I a 2 + a 2 + 30 2 _ a a 
v= X y xy X y • • • 4.8.1 
where a v - yield stress, such that the material will yield 
when the right hand side of the equation 4.8.1. exceeds ov 
and cr X' cry, a xy are the direct and shear stresses. This 
is not likely to be a valid assumption for the composite 
because the matrix cracks (yields) when cr x or ay exceeds 
the tensile strength of the matrix rather than the 
combination of the stresses as shown in equation 4.8.1. 
(Cracks in x or y direction develop as the ｳｴｲ･ｳｳ･ｾ＠ in the 
y or x direction exceed the tensile strength of the 
matrix.) This also implies that the composite behaves 
similarly in direct tension and compression which again is 
only true before cracking. However, provided that the 
minor principal stress remains small in comparison with the 
major principal stress an approximate solution may be 
obtained. 
iii) Crack width and the debonded length. 
To predict every single crack on the corrugated sheet would 
require considerable grading of the finite element mesh 
52 
wherever the tensile stresses were likely to exceed the 
tensile strength of the matrix. Therefore every element 
should be the size of the assumed crack width plus the 
debonded length. i.e. thousands of elements to solve which 
was not possible due to the limited computer storage 
available. 
Nevertheless, a series of trial runs with Lusas were carried out 
to master the procedures involved in data preparation for the non-
"linear analysis and also to understand and to be able to interpret 
the output results. However, for the following reasons this was 
not carried any further for predicting the performance of the full 
size corrugated sheet. 
i) Inadequate computer storage available to analyse the Netcem 
corrugated sheet within the required accuracy. 
ii) Assumptions made were far from representing the mechanical 
behaviour of the true composites. Hence the existing non-
linear finite element program could not have been used to 
predict polypropylene reinforced cement corrugated sheets 
behaviour under 1 oad. 
Generally any non-linear program even if applicable to Netcem 
properties would still have the problem of computer storage if it 
was required to predict the position hence the performance of the 
sheet for every single ｣ｲ｡｣ｾ＠
4.4.3 Use of soft elements for single cracks 
As non-linear analysis of the Netcem sheet was not an applicable 
method it was decided to approach the problem in a different 
manner by analysing the corrugated sheet in two distinct phases, 
uncracked and cracked condition. 
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a) Uncracked condition 
Analysis of the uncracked condition is described in 
Section 4.3. 
b) Cracked condition 
In experimental work the uncracked· corrugated sheet was 
subjected to point loading at mid-span at any corrugation 
which was required to develop cracks. After cracking, the 
sheet was unloaded and after several hours it was reloaded 
from zero stress i.e. the cracked corrugated sheet was 
loaded from zero stress. Consider a . section through the 
depth of one of the corrugations of the sheet which is· 
simply supported along its length over a span of 1.38 
metres as shown in Figure -4.5 with a single crack extended 
to 3/4 of the depth of the corrugation. 
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A 
Section AA 
ｾ＠ A ｾ＠
L =1 • 38 m 
Figure 1.5: Finile elemenl mesh pattern along 
lhe depth oF corrugation with elements 1,2,3 
representing the single crack. 
h 
where h = depth of the corrugation 
hi = depth at which the crack is exterrled through 
the corrugation i.e. crack height 
L length of the corrugation 
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A finite element mesh is generated as shown such that the single 
crack is represented by a 1 to 2 mm thin element assumed to be 
equivalent to the width plus the debonded length of the ｣ｲ｡｣ｾ＠
When the section is loaded it is assumed ｾｨ｡ｴ＠ throughout the 
debonded length all the stresses are carried by the fibres. At 
each end of the debonded length the fibre stresses are transferred 
back into the composite. Hence the modulus of the composite at 
the crack is equal to EfVf• The structure now includes elements 
with different moduli. Elements 1, 2 and 3 as. shown are the soft 
elements with the modulus of EfVf and the rest are the stiff 
elements with the modulus of the composite before cracking, Ec. 
So by this method any cracks across the corrugation could be 
represented by thin elements. Figure 4.6 shows an example of a 
mesh pattern for five cracks with different crack extension 
through the depth of the one of the corrugatiori _as shown in Figure 
4.5 i.e. different h1• 
e 4 
3 
( 
A ｾ＠ .... .... 
L=1 .38 m 
h 
Figure 4.6: Finite elemenl mesh pullern along lhe deplh 
oF a single corrugalion wilh Five cracks exlended lo 
diFFerenl deplh. 
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From elements 1 to 4 element number 1 and 2 in Figure 4.6 is 
cracked and 3 and 4 are uncracked and from elements 5 to 8 only 8 
is uncracked and the rest are cracked. Hence for the analysis an 
appropriate moduli is used for every element. 
In the analysis it is assumed that the crack width and the 
debonded length of any crack is tmiform throughout its height. In 
fact if the section is loaded in bending, fibres across the crack 
at the bottom of the corrugation are strained more than the fibres 
closer to the N.A. Hence there is some variation in crack width 
and the debonded length over the height of any crack. To 
accorrrnodate this variation, the width of the elements representing 
the cracks could be altered along their depths according to the 
relative crack width if known and the debonded · length as shown in 
Figure 4.7. 
l 
) I 
... ｾ＠ A .... 
L=1 .38 m 
Figure 1.7: Element representing the crack has a diFFerent 
width through the depth oF the ｣ｯｲｲｵｧ｡ｬｩｯｾ＠ because oF the 
diFFerent crack widlh and debonded Length through lhe 
depth oF the crack. 
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To consider this effect for the analysis of the corrugated sheet 
would have only created difficulties in designing the mesh pattern 
and the data ｧ･ｮ･ｲ｡ｴｩｯｾ＠ Additionally trial runs proved that the 
difference in having uniform or different width elements along the 
depth of the crack was less than 0.5%. 
Generally this is a logical and applicable approach to the problem 
but has the following limitations and disadvantages. 
i) To analyse the behaviour of Netcem sheet with a large 
m.nnber of cracks per corrugation would require a mesh 
pattern with thousands of elements to solve. With only 
limited computer storage this was not possible. 
ii) As the number of the cracks per corrugation increases the 
accuracy of the results decrease because of the approximate 
estimation of the crack width and the debonded lengoh of 
each crack. 
4.4.4 Use of soft elements for blocks of cracks 
The analysis of corrugated sheet with several cracks in any 
corrugation required a different approach to that described so 
far. The idea of a thin soft element for each single crack as 
discussed previously was extended to a wider element including 
many cracks. 
To estimate the equivalent modulus of the composite with several 
cracks would have required detailed analysis of cyclic loading 
curves of tensile specimens for various numbers of cracks. 
However, at the time of this analysis all the manufactured tensile 
specimens were tested either to failure or to 7 - 8 % strain level 
without any unloading-reloading tests being carried out at lower 
strains. Hence the following alternative method was used to 
determine the modulus of the cracked polypropylene reinforced 
cement composite when reloaded from zero ｳｴｲ･ｳｾＬ＠
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TI1e approximate total strain of the multiple cracking region and 
the total number of the cracks formed within the gauge length of 
100 mm .for each tensile specimen were measured as is described in 
Section 7.6 and 8.2.1. 
Figure 4.8 shows a typical example of a stress-strain curve of a 
tensile specimen. 
where 
b.E 
N = 
Ill 
., 
G) 
... 
-V) 
T =b. E:= 
N 
Strain 
Figure 1.8: Typical stress-strain curve oF 
polypropylene network reinForced cement 
specimen in direct tension. 
Estimated total increase in strain during the 
multiple cracking 
Total number of cracks formed within the 100 mm 
gauge length 
Strain caused by every crack (assuming equal 
extension of every crack) measured as an average 
strain over the whole gauge length. 
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So the average unloading strain at Point A on Figure 4.8 within 
the gauge length after any number of cracks 
= e: mu + T x number of cracks ••• 4.8.2 
Where £ mu = cracking strain of the matrix 
The reloading modulus of the tensile specimens after any number of 
cracks from zero load was calculated from the following 
procedure:-
i) The unloading strain was calculated from equation 4.8.2. 
assum1ng Point A is the strain at unloading after p number 
of cracks in a 100 mm gauge length. Figure -4.8. 
ii) The residual strain at zero load on unloading was 
calculated using Keer' s ( 1983) approach. Keer ( 1983) has 
experimentally and theoretically obtained a relationship 
between the residual strain at zero load and the strain 
from which loading begins. 
where e:r - residual strain at zero load i.e. point B on 
Figure 4.8 
e:p - strain at unloading Point A 
K - constant depends on the volume of the fibre in one 
direction and ·the spacing at which cracks form. 
Theoretically dependent of the final crack spacing. In this 
case K is taken as 0.44 for 6 - 8 % volume of fibre in 
longitudinal direction 
iii) Whatever the unloading- reloading path a secant modulus 
was obtained from slope of line AB i.e. E 1 
iv) Slope of the line OA was also estimated, i.e. E 2 
60 
It was assumed that the reloading strain of the corrugated sheet 
from zero load after p number of cracks would start somewhere in 
between OB. The precise strain at which reloading started was 
uncertain because of the strain recoveries at zero load. Hence 
the modulus of the composite after p number of cracks in a 100 mm 
gauge length was obtained from 
Ea =----- ..• 4.8.3 
2 
where Ea - average modulus of the composite after p number of 
cracks 
Now let us assume a section through the depth of a corrugation 
simply supported over a span of 1.38 m with several cracks as 
shown in Figure 4. 9. 
Section 88 
.... ｾ＠
ｾ＠
L=l .38 m 
L= Span oF the section 
ＴＱＱＱｾ＠
L 1=Part of the section which includes the cracks 
Figure 1.9: One element represents the block oF cracks. 
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To estimate the E value for the length L1 , i.e. soft elements of 
the composite, the total number of the cracks over the length L1 
is related to an equivalent number of cracks over 100 mm gauge 
length of the tensile specimens. Hence E is calculated from the 
equation 4.8.3. 
For more accurate analytical results, length Lt could be divided 
into a finer mesh i.e. 2, 3 or more elements with the same E value 
as calculated. Usually all the cracks do not extend to the same 
depth but this becomes a matter of rearranging the elements or 
using a different modulus at every layer along the depth of the 
corrugation, h, depending on the rn.unber of cracks in each layer. 
For example Figure 4.10 shows an irregular extension of the cracks 
through the depth of corrugation. 
( 1\ ) } 
l > 
h 1 ) II ｾｾ＠ J }' 
) ' 
ｾ＠ )l\1 ｬｬ［ｾ＠ I { 
.... ｾｾｾＮＮＮ＠ Alllill.. 
L=l . 38 m 
Figure 1.10: Some elements include several cracks which 
are extended to diFFerent depth oF the corrugation. 
Each layer along h1 has a different modulus because of different 
rn.nnber of cracks. 
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h 
The advantages of this method are:-
i) Several cracks could be accommodated within one element. 
This will considerably reduce the required ｣ｯｾｰｵｴ･ｲ＠
storage to the available limits. 
ii) Estimation of the crack width and the debonded length of 
a crack is not essential. 
iii) A different number of cracks at various corrugations 
could be treated by rearranging the mesh ｰ｡ｴｴ･ｾ＠
This method in general assumes a linear stress-strain 
relationship for reloading of the composite at any strain level 
irresrespective of the load level. 
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4.4.5 Use of cyclic loading characteristics to estimate 
modulus of soft-elements 
A more realistic approach to the problem is finally developed 
from the analysis of the cycling loading characteristics of the 
tensile specimen. A typical stress-strain curve of a tensile 
specimen under cycling loading is shown in Figure 4.11. 
20 
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16 
14 
'112 
.! 
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o lPns 1l E' spl'C 1 mpn undE'r eye l1 c l oodi ng. 
Strain(.() 
The residual strain of the tensile specimen at zero load increases 
as the unloading strain increases. The reloading path is, 
initially approximately as stiff as the original uncracked 
composite loading path but the stiffness reduces as the stress 
increases. The stiffness at an intermediate level on the 
reloading path also reduces as the unloading strain increases. 
The procedure for the analysis of the cracked corrugated sheet is 
as described in Section 4.4.4 but the E values are now. obtained 
from the experimental reloading curves of tensile specimens in 
cyclic loading when reloaded from zero stress. 
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To describe any reloading path for this analysis, generally two 
moduli are used: one from tangent to the initial part of the 
reloading path at a stress of 2.5 N/mm2, which approximately 
describes the stiff part of the reloading path and one from the 
tangent to the rest of the reloading curve at a stress level of 
5 N/rnm2 where the cracked composite is less stiff. These moduli 
are the slope of the tangents numbers 1 and 2 as shown in Figure 
4.12, i.e. E1 and E2· 
'"" ... 
E 
ｾ＠
z 
""' (/) 
(/) 
cu 5.o 
... 
.... 
en 
2·5 
Strain 
Figure 1.12: The elastic moduli E1 and E2 
used For the analysis oF cracked Netcem sheet. 
This method has been used to analyse the full size cracked Netcem 
sheet under various loading regimes. For lower load levels the 
stiff modulus E1 of the cracked composite was used to predict the 
perfonnance of the sheet and the results of the tensile stresses 
within the cracked zone were checked and wherever the stresses 
exceeded 2.5 N/mm2 then the program was re-run with the lower 
modulus Ez the slope of the tangent number 2. For higher load 
levels the tensile stresses at the cracked zone always exceeded 
2.5 N/mm2 and E2 was used to determine the performance of the 
sheet. 
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rnAPIFB. 5 
EXFFBIMENrAL FACn..rriES AND TECHNIQUES 
5.1 uniaxial-tension test 
The basic material characteristics are best assessed using loading 
and strain measurements in uniaxial tension. To carry out the 
theoretical analysis for comparison with the tests on the 
asbestos-cement sheet required an estimation of the elastic 
modulus of the material from which the sheet was made. Because all 
of the corrugated sheet was required for the loading tests, it was 
not possible to cut any specimens for tensile testing until all 
the tests were completed. However some specimens were sawn from a 
similar Hatschek asbestos-cement sheet for testing in tension in 
order to provide some theoretical checks. 
The theoretical analyses were modified later when the elastic 
modulus of the test sheet was determined from strips cut from 
undamaged parts as follows. When all the tests on the asbestos-
cement sheet were completed all the electrical and wiring systems 
attached to the sheet were disconnected and the sheet was removed 
from the test rig and sawn into many longitudinal tensile 
specimens. Only flat specimens from different parts of the sheet 
were kept and the curved specimens which were part of the top or 
bottom corrugation were discarded. 
An Instron 1122 machine provided the main test facility and a 
specimen is shown under test in Figure 5.1. The test samples were 
approximately 25 mm wide parallel strips 6 to 7 mm thick and 250 
to 300 mm in length. Prior to testing, the width and thickness 
were measured using a caliper gauge and a micrometer to accuracies 
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of 0.1 and 0.01 mm respectively at three points within the central 
third of the strips. 
For strain measurements, linear variable differential transformers 
(LVDrs) attached to clip-on extensometers based on those developed 
at the Building Research Establishment for work on glass 
reinforced cement (De Vekey, 1974) were used. The extensometer is 
shown in Figure 5.2 with a gauge length of 98 mm between the fixed 
knife edge and the pivot point. In order to measure clamping 
strains due to specimen warping, individual signals from the two 
LVIITs were displayed on the Y channels of a Bryans series 26000 A3 
chart recorder (calibrated to 0.25% strain full scale). Hence two 
load-strain plots, one for each face, were obtained. The load 
scale was calibrated using the Instron's own internal reference 
calibration facility. The extensometer was calibrated in a 
micrometer bench before each day's testing. 
The strip was clamped in the top wedge grip with lead strips 
( approxima.tely 30 mm wide and 1.2 mm thick) between the strip arxi 
the faces of the grip. The lead was used to reduce stress 
concentrations within the gripped portions of the strips 
preventing premature failure within the grips. The extensometers 
were then placed in position. The locking pins were withdrawn from 
the extensometer and the bottom grips tightened, thus allowing 
measurements of the strains induced by clamping. Loads were 
applied using a constant cross-head speed of 0.1 mm/min. The rate 
of straining was not critical because creep strains were 
insignificant in the time scale of testing the corrugated sheet. 
5.2 Bending tests 
The following tests were carried out to assess the flexural 
rigidity of the asbestos-cement sheets for use with the 
theoretical analysis. Various sections and specimens were sawn 
from full size sheet (1.38 m span x 1.095 m width) for testing. 
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Figure 5.1: Complete tension lest rig 
68 
Figure 5.2: Details 
oF the 
extensometer 
5.2.1 Test on single corrugation 
A single corrugation was sawn ｬｯｮｧｩｴｵ､ｩｮ｡ｾｬｹ＠ from an asbestos-
cement sheet and tested in 4-point· bending, simply supported on 
four ball ｢･｡ｩＭｩｮｾ＠ seatings in a rigid steel frame spanning 1.38m 
as shown in Figure 5.3. A 2 kN load cell was used in conjunction 
with the proving ring connected to a loading jack. The load cell 
was calibrated using the Instron and a digital voltmeter. The dial 
gauges were set up to measure the deflections at midspan and at 
four other positions as shown in Figure ＵＮｾＮ＠ A total load of 
0.5 kN was applied in increments of 0.05 kN. 
For each increment of loading the deflections were recorded and a 
load-deflection curve was obtained. The deflections were fully 
recovered on unloading the courrugation, thus confirming that 
creep effects were negligible. 
5.2.2 Test on flat specimens 
Five flat specimens of dimensions 150 mm by 25 mm were sawn from 
the single corrugation used in section 5.2.1 and tested in four 
point bending simply supported on rollers over a span of 135 mm. 
The support rollers were free to rotate about the spindle, thus 
reducing the frictional forces between the supports and the 
specimen. The loading rollers, similarly free to rotate, were 
placed 45 mm apart at the third points of the span. The load was 
｡ｰｰｬｩ･ｾ＠ via a ball and socket joint to ensure t.mifonn distribution 
of the load between the rollers. 
The test jig was designed at the University of Surrey (Keer, 
1983), and was positioned in the Instron 1122 Test machine as 
shown in Figure 5.4. The rig was designed to give an accurate 
load-deflection curve by avoiding the inclusion of support 
deformation in bear deflection. Jig details are given below:-
i) The support brackets for the spindles of the end rollers 
are free to rotate, about a horizontal .axis through the 
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loading frame 
I ] Loading u 1ack 
ｾｉｮｧｬ･＠ corrugation 
I 
I 
n 
1 I 
Side v lew 
ｉｾ＠ 1380 mm ｾｉ＠
Front view 
Figure 5.3: Single corrugation oF asbestos cement sheet 
1n bending test. A simple sketch oF the test 
rig is also shown. 
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mid-depth of the specimen, relative to the main frame of 
the jig. 
ii) The jig base is connected by a threaded sleeve, to the 
Instron cell. 
iii) The loading rollers, similarly free to rotate, are placed 
45 mm apart at the third points of the span. The load is 
applied via a ball and socket joint to ensure uniform 
distribution of the load between the rollers. 
iv) The de<flection of the specimen relative to the support is 
measured directly by two LVDTs. The arrangement is shown in 
Figure 5.5 in which the loading beams of the jig have been 
removed for clarity. The LVDTs are supported by a small 
beam resting on circular pins at the support positions and 
the moving 'plunger' of each LVDT bears onto one end of a 
cross bar- stuck down to the specimen at mid span. The LVDT 
sigrials, together with the load cell output, feed into an 
X-Y-Y chart recorder to produce two load deflection curves. 
The load scales on the X-Y-Y chart recorders were calibrated 
against the Instron machine 1 s internal calibration facility. The 
deflection scale was calibrated against known movements of each 
LVDT when placed in the micrometer jig. 
5.2.3 Test on corrugated section in transverse direction 
When the tests were completed on the full size asbestos-cement 
sheet, a section 100 mm wide was sawn from the sheet in the 
transverse direction. It was impossible to cut a flat specimen 
long enough for the standard tensile or flexural tests, therefore, 
this was the only method which could be used '·to estimate the 
elastic modulus of the composite in the transverse direction. This 
transverse modulus was essential for the theoretical analysis. 
71 
Figure 5.1: Four point beding lest rig 
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Figure 5.5: Details 
oF the Four 
point bending 
test rig 
The corrugated section was supported by four ball bearing seatings 
on concrete blocks, cantilever loaded, spanning over 585.2 mm with 
span to depth ratio of approximately 95, as shown in Figure 5.6. A 
maximum load of 5 Ｑｾ＠ was applied on each side of the cantilever in 
increments of 1 kg. 
Considerable deflections were recorded under these loads so higher 
loads were not required. The dial gauges were set up to measure 
the deflection to the nearest 0.01 mm at various positions as 
shown in Figure 5.6. On unloading the corrugated section the 
deflections were fully recovered. 
5.3 uniaxial compression test 
The elastic moduli of the asbestos-cement sheet determined from 
direct tension tests and bending tests were significantly 
different. Hence, uniaxial compression tests were carried out to 
determine the elastic modulus of the composite in compression and 
to compare the results with those from the direct tension tests. 
The test samples were some of the specimens used in the tensile 
test (Section 5.1) which had not been failed. These were cut into 
150 mm lengths with parallel edges at each end. 
The Instron machine provided the main test facility and a 
specimen is shown under test in Figure 5. 7. Loads were applied 
using a constant cross-head speed of 0.1 mm/min, the same as in 
tmiaxial tension test. The same techniques were used for strain 
measurements as explained in Section 5.1. Strains from the LVDTs 
on each side of the specimen were recorded and two load-strain 
plots, one for each side, were obtained on the recorder. 
The problem of applying uniaxial compressive stress on thin 
sections was largely eliminated by cutting the parallel edges very 
accurately but still there was up to 10% difference in the 
measured strains on opposite sides of the sample. 
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Figure 5.6: Transverse bending test rig 
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Figure 5.7: Uniax ial 
compression test 
r1g . 
5.4 Dimensions of the corrugated sheet 
The asbestos-cement corrugated sheet tested was a typical, 
commercially available sheet produced by Hatschek process. The 
overall dimensions of the sheet and calculated section properties 
are given in Table 5.1. 
Property 
Overall length (nm) 
Overall breadth (nm) 
Overall depth (nm) 
Average thickness (nm) 
I. Second moment of area 
(mn4/m) width 
z. Section modulus 
(nm3 /m) width 
Asbestos-cement 
corrugated sheet 
1815 
1095 
51.5 
6.6 
1885 X 103 
73 X 103 
Table 5.1 Overall dimensions mxl section properties of 
asbestos-ceiiBlt sheet tested 
Figure 5.8 shows the section profile of single corrugation of 
asbestos-cement sheet together with some of the section 
properties. Thickness of the sheet was measured as described in 
Section 7 .5. 
5.5 Full size sheet testing rig 
The rig was designed in the Construction Mate!ials Research group 
of the University of Surrey (Thorne and Keer, 1982) • 
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Figure 5.9 shows clearly that a full size standard corrugated 
sheet spanning 1.38 m could be tested and the test rig includes 
the following facilities: 
i) Individual adjustable supports for each corrugation to 
ensure precise support in cases ｷｨｾｲ･＠ asbestos-cement 
sheets were warped and would otherwise have rested on only 
a few corrugations and also to allow the possibility of 
having a variable support system for testing under 
different support conditions, ie in order to simulate 
warped sheets in practice. 
ii) PTFE sheet to reduce friction at the supports. 
iii) One of the corner supports at each side is prevented from 
lateral movement but is free to rotate using plastic 
paddings in the shape of the cross section. Plastic 
padding is attached to the support such that the 
corrugation is seating in position without any gap. 
iv) Adequate working space under the sheet for both 
instn.nnentation and visual inspection during the test and 
easy top surface accessibility. 
v) It is designed to apply point loads using a loading jack, 
proving ring and a load cell at midspan. 
vi) Deflection measurement over the entire sheet by LVDTs or by 
dial gauges supported off the end support beams to give 
sheet deflection relative to supports. 
vii) Amplified LVDT voltage outputs and strain gauge voltage 
outputs monitored by a data logging syst:em. The switching 
unit and digital multimeter are controlled by microcomputer 
ｾ＠
(Comnodore PET) with floppy disk storage and print-out 
.facilities. 
77 
Figure 5.9: Corrugated sheet testing rig 
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viii) Data is output in readily usable form, eg microstrain, 
deflection (mm, inches, etc) and load (N, k.N, lbs, etc). 
Further details of the equipment used are given in Appendix C. 
5.6 Loading -configurations - -full size -sheeting 
5.6.1 Unifonn load 
In earlier work (Thorne and Keer, 1982) uniform loads were 
sinrulated by means of two line loads. In this report, to provide a 
better approximation to uniformly distributed snow loads, poly-
thene sand bags were used. Two sets of sand bags were made 
weighing 0.15 kg and 1.5 kg. The sand was dried to eliminate any 
changes in weight due to the moisture content during the test 
programne. An example of a uniformly loaded sheet under the test 
is shown in Figure 5.10. 
5.6.2 Concentrated loads 
A 2 kN load cell in conjtmction with a proving ring connected to a 
loading jack was used to apply concentrated loads. Loads were 
applied separately to a 125 mm x 175 mm area and a 300 mm x 175 mm 
area via a 10 mm thick steel plate, positioned at the edge and in 
the middle of the sheet at midspan as recommended in BS 5427 
(1976) respectively. The 175 mm side of the plate was parallel to 
the span of the corrugation. 
The plates were resting over one and two corrugations 
respectively. An example of the test is shown in Figure 5.11 and 
Figure 5.12 for two different size plates. 
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Figure 5.10: Asbestos cement sheet during 
lest under uniForm loading. 
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Figure 5.11: Point Load test on single corrugation 
oF asbestos cement sheet using 125mm x175mm plate 
Figure 5. 2: Poi nt Load test on two corrugations 
oF asbestos cement sheet using 300mm x175mm plate 
81 
5.7 Strain gauge attachment technique to corrugated sheets 
The following procedures were carried out for strain gauge 
attachment ｴｾ＠ any corrugated sheet. 
i) The entire corrugated sheet was swept and wiped with a damp 
cloth and the position of the strain gauges were carefully 
marked. 
ii) A smooth surface was prepared for the strain gauges and the 
connection terminals. In the case of rough or uneven 
surfaces of the sheet, plastic padding smoothed by 
sandpaper was used to prepare a tmiform and smooth surface. 
iii) The strain gauges and connection terminals we:re glued to 
their position using cyanoacrylate adhesive by Loctite 
Limited. 
iv) The dummy gauges similarly were prepared on the same 
material. 
v) The relevant number of paired twisted wires were numbered 
both for the active and dummy gauges and soldered together 
with the strain gauges to the connection terminals. 
vi) Before connecting to the switching unit the resistance of 
the gauges were checked against a multimeter to ensure that 
they were in a proper working order. Faulty gauges were 
replaced. 
vii) All the· hanging cables were connected with tapes to the 
main ring such that the access under the sheet was not 
restricted. 
viii) Every strain gauge factor was recorded in the computer. 
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5.8 Strain and deflection measurements 
The data logger contained 60 channels of which 40 were for strain 
and the rest for deflection measurements. For deflection measure-
ments, LVDTs were calibrated against a micrometer to an accuracy 
of +0.008 mm. They were positioned to contact the bottom face of 
each bottom corrugation at midspan and also at one quarter span 
position. 
Strain gauges were positioned as follows: 
i) In the longitudinal direction on the bottom face of each 
bottom corrugation at midspan and quarter span. These 
gauges had 20 mm gauge lengths unless they were part of a 
5 mm gauge length rossette. 
ii) In the transverse direction some gauges were placed on the 
bottom face of the bottom corrugation and some on the top 
face of the top corrugations at the supports. 
The strain gauge layout is shown in Figures 5.13. 
5.9 Full size sheet testing procedure 
Before each test, the following procedures were carried out: 
i) All the wiring systems and the channels measuring the 
strains were checked for correct ｯｰ･ｲ｡ｴｩｾ＠
ii) Supports were checked to be in contact with the sheet and 
then the sheet was checked to be horizontal. 
iii) LVDI's were checked whilst in position by inserting a 5 mm 
block between the LVDTs and the bottom corrugation of the 
sheet. If it was necessary, the scaling factor in the 
computer store was corrected for each LVDT. 
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Figure 5.13: Slrain gauge layout oF asbeslos 
cement corrugated sheet. 
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iv) The computer program for the test was run through to make 
sure that the floppy disks were in good condition and the 
program itself was in the correct format. 
v) All the secondary information was fed into the programme 
such as time, date, scanning intervals etc. 
vi) The load cell was calibrated in the Instron 1122 test 
machine. The load cell was used in conjuction with a 2 kN 
proving ring, which was used as a visual check of applied 
load as ·well as for the scaling factor for each test. 
5.10 Soaking and drying of the corrugated sheet 
The test carried out carried out to investigate the warping 
effects of-soaking and drying the corrugated sheet was as follows: 
The total surface area of the corrugated sheet was covered with 
wet cloth and kept soaked by pouring water on the surface every 
half hour for at least 12 hours continuously at 20°C room 
temperature. The strain gauges on the surface of the sheet were 
protected against the moisture effect using silicone rubber 
compound by RS Components Limited. After 12-14 hours the wet cloth 
was removed and the corrugated sheet was left to dry naturally in 
the laboratory at 20°C. The deformations, ie strains and 
deflections caused from soaking were recorded every five minutes 
for the first hour (while most of the deformations was taking 
place) then every half hour until the sheet had dried. Figure 
5.14 shows the asbestos-cement corrugated sheet in soaked 
condition covered with wet cloth. 
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Figure 5.11: Asbestos cement corrugated sheet 
in soaked condition covered with wet cloth 
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<liAP1ER 6 
RESULTS AND DISaJSSIOO FOR ASBESI'OO-CEMENr SHI!'EITIC 
AND TI-lE AL'I'ElmATIVES: 
'ASBES1US CEMENr' 
6.1 Direct tension .tests 
Tensile specimens were tested using the techniques described in 
Section 5.1. Some of the specimens were strained up to 600 to 700 
micro-strain and some to failure at cross head speed of 
0.1 mm/minute. In subsequent sheet testing however, the corrugated 
sheet was not strained in flexural tension to more than 700 micro-
strain under any loading configuration in order to avoid the 
possible development of micro-cracks. 
Typical stress-strain diagrams are shown in Figures 6.1 and 6.2. 
All the curves were similar in principle with smooth linear 
regions upto 350 to 450 micro-strain curving gradually at higher 
strains with no sign of audible or visible cracking or any 
irregularity associated with cracking. The stiffness reduced as 
the strain increased. 
Table 6.1 shows the measured secant modulus at various strain 
levels for all the specimens and the stress and strain to failure 
of the few specimens which were tested to failure. Average stress, 
l. 
strain and time to failure of the specimens were recorded to be 
｡ｰｰｲｾｴ･ｬｹ＠ 23 N/mm2, 2000 micro-strain and 27 minutes 
respectively. The average secant modulus of ten specimens upto 300 
micro-strain was estimated to be 21.4 GPa and upto 600 micro-
strain this value was slightly reduced to 20.1 GPa. 
In some cases where the failure was near the grips the specimens 
were tested again and the reloading curves were smooth with a 
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Figure 6.1 :Typical stress-strain curve oF an 
asbestos-cement tensile specimen strained 
below 1000 micro-strain. 
88 
L..:.___;_ _ __:_ __ :....____.:__ ______ ______;______;_-'--------'----- ··- -· -- . ﾷ Ｍｾ＠ .. - ,_ 
-E 
E 
21 
20 
16 
Failure stress 23.1 Ntmm 2 
Failure strain 2035 Micro slrain 
specimen fails at the 
gnps. 
/ 
/ 
/ 
/ 
/ 
I 
/ 
/ 
/ 
I 
/ 
/ 
" 
"' / 
ｾｾ｡ｲｮ･＠ specimen reloaded to 
ｾ＠ 12 
"-"' 
/
1 Failure after initial 
1
1 Failure at the grips. 
8 
0 
0 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ｾｩｬｨ＠
1
1 Failure stress 22.96 Nlmm 2 and 
I Failure strain 1900 Micro strain 
600 1200 1600 
Micro strain 
2200 
Figure 6.2: Tensile stress strain curve to Failure 
oF asbestos cement. 
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lower slope with no visible sign of irregularity or any apparent 
cracking caused by irreversible damage during the first test. 
However, the average secant moduli of the composite obtained from 
reloading curves of three failed specimens upto 300 and 600 micro-
strain were estimated to be 17.5 GPa and 15.85 GPa respectively 
which implies that some minor general damage had in fact occurred 
during the first cycle to failure as suggested by Allen (1975) and 
Akers et al, (1983). The reduction in stiffness at reloading was 
more significant as the strain increased compared to that of the 
undamaged specimen. 
Figure 6.2 compares the stress-strain curves of a tensile specimen 
which failed at the grips and then was reloaded to failure. 
Ultimate stress, strain and time to failure of the reloaded 
specimen was 23.0 N/mm2, 1910 micro-strain and 25 minutes 
respectively compared to the original undamaged failure figures of 
23.1 N/mn2, 2050 micro-strain and 29 minutes. 
Additionally the results of tensile tests carried out on the 
samples cut from the second asbestos-cement corrugated sheet are 
shown in Table 6.2. 
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6. 2 Results of bending tests 
This section examines the results obtained from various tests 
carried out in flexure on different specimens in order to compare 
the elastic modulus obtained from bending with that in direct 
tensicrrb The bending tests may be more relevant to the theoretical 
prediction of the performance of the asbestos-cement corrugated 
sheet ｵｮ､･ｾ＠ various loading configurations. The following results 
were obtained using an asbestos-cement sheet similar to the one 
used for sheet testing. 
6 .. 2.1 Tests .on a single corrugation 
The testing technique is described in Section 5.2.1. The test was 
repeated eight times and the deflections for each increment of 
loading were averaged. The load average deflection curve at mid-
span is shown in Figure 6.3. 
A computer model of the specimen with similar loading and support 
condition was prepared using the Lusas program as explained in 
Chapter 4 for comparison with the experimental results. Initially 
an arbitrary E value was chosen for the analysis which was then 
adjusted until the theoretical load deflection results fitted to 
the experimental relationship. Hence, the E value in bending was 
estimated to be 14.1 GPa. In order to obtain confidence in the 
finite element results, they were compared with simple beam theory 
and the difference was within ＲＯｾ＠
When the test was completed, the section was sawn into eight 
tensile specimens, in order to carry out direct tension tests, the 
results of which are shown in Table 6.3. 
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Figure 6.3: Experimental load deFlection curve oF 
bending test on single corrugation in longitudinal direction. 
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. 
The average elastic modulus (0 - 300 micro-strain) obtained from 
the tensile tests was 20.66 GPa which is approximately 32% higher 
that the results obtained from the bending test above. 
A further five flat specimens were cut from the corrugations and 
tested in four point bending as described in Section 5.2.2. A 
typical load-deflection curve for these samples is shown in 
Figure 6.4. Using simple beam theory the E ｶ｡ｬｾ･＠ was estimated to 
be 13.7 GPa from the tangent to the load-deflection curve at lOON 
of Figure 6.4, which is 34.5% lower than the tensile test results 
but close to the E value obtained from the . test on a single 
corrugation. 
Table 6.4 shows the elastic modulus obtained from the above 
different tests and an attempt to offer an explanation for the 
difference is made in section 6.3. 
Average elastic moduli from 
single corrugation 
in bending 
GPa 
14.10 
direct tension 
test 
GPa 
20.66 
four point 
bending test 
GPa 
13.70 
Table 6.4 Elastic IIDdul.i obtained fran diffe-rent· test IIEthods 
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ｾＱＵＰ＠
:z: 
100 
Failure loud 282 N 
50 Deflection nt Failure 2.35 mm 
0 
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DeFl ecli on ( mm) 
Figure 6.1: Typical load deFlection curve oF Flat 
specimen under Four point bending test. 
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6.2.2 Tests on a transverse section 
The testing procedure is described in Section 5.2.3. The load-
average deflection curve at three points for the cantilever 
｡ｲｲ｡ｮｧ･ｭ･ｮｾ＠ is shown in Figure 6. 5. 
A theoretical model of the set up was prepared to predict the 
deflections tmder a point load of 25 N. The Lusas program was used 
to carry out the analysis and it was found that to .ensure a good 
correlation between the experimental and theoretical deflection'· 
results, the E value in transverse direction was required to be 
18.5 GPa, :ie 14% less than the results from the direct tension 
tests (which in any case were cut at right angles to the 
cantilever direction). The theoretical results were compared with 
the simple beam theory and the differences were within 4%. 
Krenchel (1964) also obtained different E values in two directions 
with the E value in longitudinal direction being 15% higher than • 
the lateral direction. 
Table 6.5 shows the results of theE values in direct tension and 
in bending. Different sheet from Table 6.4. 
Average elastic moduli from 
direct tension bending test in bending test in 
test longitudinal direction transverse direction 
GPa GPa GPa 
21.27 
Table 6.5 
14.50 18.50 
t-txlul.us of elasticity obtained· in direct tension 
ard in bending. 
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Figure ＶｾＵＺ＠ Experimental Load average deFLection 
curve at three position oF the transverse seclion. 
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6.3 uniaxial compression 
To attempt to .explain the significant difference in E values 
obtained from tests in bending and direct tension, a series of 
tests was carried out in compression as explained in Section 5.3. 
The specimens were strained up to 600 to 700 micro-strain and the 
stress-strain curves obtained were smooth and linear. A typical 
curve is shown in Figure 6.6. 
The samples were from two asbestos-cement sheets for which the 
elastic modulus had been measured in tension. 
Three specimens of each sheet were tested and from the slope of 
stress-strain curves, the average elastic moduli in compression 
were 20.7 ｇｐｾ＠ and 20.0 GPa compared to their tensile values of 
21.6 GPa and 21.15 GPa respectively. Table 6.6 shows the elastic 
modulus measured for each specimen in compression compared with 
tension test results from Table 6.1 and 6.2. 
Thus the apparently lower modulus in bending of 14.5 GPa could not 
be directly ｾｴｴｲｩ｢ｵｴ･､＠ to the differences between the compressive 
and tensile moduli. However, Mai (1979) also obtained significant 
differences in elastic moduli when measured in tension and in 
bending and the effects of shear stresses could ·perhaps explain 
some of the differences. 
These shear stresses could possibly have a larger effect in a 
material made up of many laminates, such as asbestos-cement made 
on the Hatschek machine, than on a monolithic isotropic material. 
Asbestos-cement is known to de-laminate in certain conditions 
implying a slight weakness between the lamina and this effect, 
although not confirmed, offers a possible solution to the measured 
differences in flexural and tensile moduli. 
100 
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Figure 6.6: Slress slrain curve oF asbestos cement 
in direcl compression. 
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specimen 
m.nnber 
sheet 
1 
average 
standard 
deviation 
sheet 
2 
average 
starrlard 
deviation 
11 
12 
15 
B1 
B2 
B6 
specimen 
cross-sectional 
area 
mn2 
145.69 
140.81 
140.22 
158.54 
154.11 
159.34 
average 
modulus in 
compression 
GPa 
19.83 
20.05 
22.10 
20.66 
1.02 
19.85 
20.32 
19.71 
19.96 
0.26 
average 
tensile 
mcxlulus 
GPa 
20.30 
21.48 
23.00 
21.59 
1.10 
20.82 
21.30 
21.34 
21.15 
0.24 
Table 6. 6 Elastic moduli measured in compression mxi tension of 
n«> asbestos-cement sheets. 
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6.4 Experimental results of -sheet testing 
and -theoretical -predictions 
6.4.1 Introduction 
This section presents the experimental results together with the 
predicted theoretical values for a full size asbestos-cement 
corrugated sheet (1.38 m span, 1.095 m width) tested for different 
loading configurations as described in Section 5.5 with various 
support conditions. The corrugated sheet was supported along the 
bottom of the corrugations which are labelled from aa' to gg' 
respectively as shown in Figure 6. 7. 
The theoretical results are based on elastic moduli obtained from 
the following tests {Table 6.5): 
a) in direct tension 
E = 21.27 GPa 
b) in bending 
ｾ＠ = 14.50 GPa longitudinally 
Er = 18.50 GPa transversely 
Every result includes the finite element mesh pattem used for the 
analysis, loading configuration and support conditions for visual 
clarification. 
6.4.2 Unifonn loading 
Uniform loads of 1.31 k.N/m2 were applied by means of sand bags as 
described in Section 5.6.1. The experimental and theoretical 
deflection profiles and longitudinal tensile strain profiles for 
the following support conditions are shown in Figures 6.8 to 6.16: 
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a) supported at the bottom of every corrugation, ie aa' to 
gg' - Figures 6.8 and 6.9. 
b) supported at aa' and gg' only, ie at four corners of the 
sheet - Figures 6.10 to 6.12. Figure 6.13 presents only 
the theoretical results of strains in lateral direction 
as there were no experimental results. 
6.4.3 
c) supported at cc' and ee' only, ie supported at the 
middle of the sheet with free ends, Figures 6.14 to 
6.16. 
Concentrated loading 
A load of 0.9 kN was applied on two different size plates as 
described in Sections 5.6.2 at the edge and the centre of the 
corrugated sheet. The experimental and theoretical deflection and 
tensile strain results for the following support conditions are 
shown in Figures 6.17 to 6.35 for two different size plates. 
6.4.3.1 Using 125 mm x 175 mm x 10 mm plate 
a) supported at the bottom of every corrugation, ie aa' to 
gg' and loaded at mid-span at the first corrugation at 
the edge of the sheet in between aa' and bb' -
Figures 6.17 and 6.18. 
For the same support condition but loaded at mid 
corrugation at mid-span between cc'· and dd' - Figures 
6.19 and 6.20. 
b) supported at aa' and gg' only. Loaded at the first 
｣ｯｾ｡ｴｩｯｮ＠ at mid-span in between aa' and bb' - Figures 
ＶＮｾＱ＠ to 6.23. 
For the same · support condition but ·loaded at mid-
corrugation between cc' and dd' - Figures 6.24 to 6.26. 
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c) supported at cc' and ee' only, 0.45 kN load applied, at 
the first corrugation between aa' and bb' - Figures 6.27 
to 6.29. 
For the same support condition but loaded at mid-
｣ｯｾ｡ｴｩｯｮ＠ between cc' and dd' - Figures 6.30 and 6.31. 
6.4.3.2 Using -300 -mm .x 175 mm x 10 mm plate 
a) supported at the bottom of every corrugation, ie aa' to 
gg', loaded at the first two corrugations in between aa' 
and cc' - Figures 6.32 and 6.33. 
6.4.4 
Similar support condition but loaded at mid-corrugation 
in between cc' and ee' - Figures 6.34 and 6.35. 
Soaking and drying 
An asbestos-cement corrugated sheet was wetted on one surface only 
and then allowed to dry as it is described ｩｾ＠ Section 5.10. The 
effects shown are therefore due to moisture gradients through the 
sheet thickness. Figure 6.36 shows the warped corrugated sheet · 
covered with a wet cloth on the top surface. 
Experimental results of deflection against time at mid-span for 
the mid-corrugation are shown in ·Figures 6.37 and 6.38. 
Figure 6.39 shows the deflection profile at mid-span after 15 
minutes, 30 minutes, 1 hour, 3 hours and 5 hours of continuous 
. wetting. When the bottom surface of the sheet was wetted instead 
of the top surface, the deformation was in the opposite directicnb 
Figure 6.40 shows the predicted load to be applied at four corners · 
of the sheet in order to push the warped sheet of Figure 6.36 to 
its original position at the supports using ｴｨｾ＠ Lusas program. 
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Figure 6.8:0efleclion proFile oF asbestos cement sheet 
at mid-span For a uniForm load oF 1.31 kN;m2 
supported at every corrugation 
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Figure 6.9: Longitudinal tensile slrain proFile at ｭｩ､Ｍｳｾ｡ｮ＠
For a uniform Load oF 1 ,31 kNJm2 · . Supported al 
every corrugation 
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Figure 6.10: DeFLection proFile oF asbestos cement sheet 
al mid-span under uniForm loading oF 1.31 kN1m 2 · 
supported at Four corner corrugations. 
109 
L...--__ ____;__;_ ___ _____;_ ____________ _:._ ___ - - - -- - ·- . 
DeFLection ( mm) 
-5 
0 
5 
10 
15 
20 
25 
30 
35 
. \ 
a b c . e·· f 9 
Mesh pattern and support condition. 
I 
tj 
I X 
I I 
I 
/j 
'* * \ \ I ' 
, \, _*_..../ I r:, Experimental 
ｾ＠ 11 . 
1 * Theoret! caL E lens ion 
" '---x---'' x TheoreticaL E bending 
Figure 6.11: DeFlection proFile oF asbestos cement sheet 
al quarter span under uniForm Loading oF 1 ｾＳＱ＠ kN!m2 
supported al Four corner corrugations. 
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Figure 6.12: Longitudinal strain proFile oF asbestos 
cement sheet al mid span under uniForm Loading 
oF 1 . 31 kN!m 2 supported a l Four corner cor rugal ions.·. 
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Figure 6.13: Transverse strain proFile at mid span oF 
asbestos cement sheet under uniForm Loading oF 
1.31 kN!m2 supported al Four corrugations. 
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Figure 6.11: DeFlection proFile oF asbestos cement sheet 
at mid-spun For a uniForm load oF 1.31 kN1m 2 supported 
al mid corrugations. · 
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Figure 6.15: DeFlection proFile oF asbestos cement sheet 
at quarter-span For a uniForm load oF 1.31 kN1m 2 
supported at mid corrugations. 
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Figure 6.16: Longitudinal tensile strain proFile oF asbestos 
cement sheet at mid-span For a uniForm load oF 1.31 kN!m2 
supported at mid corrugations. 
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Figure 6.17: DeFlection proFile at mid-span oF asbestos 
cement sheet under poi nl Load oF 0 . 9 kN supported a l 
every cor rugal ion . 
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Figure ＶｾＱＸＺ＠ Longitudinal strain proFile al mid-span 
oF asbestos cement sheet For a point Load oF 
0.9 kN supported al every corrugation. 
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Figure 6.19:DeFlection proFile al mid-span For a point Load 
oF 0.9 kN at the centre.supporled at every corrugatio0 
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Figure 6.20: Longitudinal strain proFile at mid-span For a 
point load oF 0.9 kN at the centre supported al every 
corrugation 
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Figure 6.21: DeFlection proFile oF asbestos cement 
sheet at mid-span For a point Load oF 0.9 kN 
supported at Four corner corrugations. 
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Figure 6.22: DeFlection proFile oF asbestos cement ｳｨ･ｾｴ＠
at quarter-span For a point Load oF 0.9 kN at the 
edge supported at Four corner corrugations. 
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Figure 6.23: Longitudinal strain proFile For asbestos cement 
sheet at mid-span For a point Load oF 0.9 kN at the 
·edge supported at Four corner corrugations. 
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Figure 6.21: DeFLection proFile at mid-span For a 
point Load oF 0.9 kN at the centre. Supported 
al Four corner corrugations. 
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Figure 6.25: DeFLection proFile oF asbestos cement 
sheet at quarter spun For a poi nl L·o.ad oF 0. 9 kN 
at the centre supported at Four corrugations. 
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Figure 6.26: Longitudinal tensile strain proFile al mid-span 
For a point Load oF 0.9 kN al the centre supported 
at Four corner corrugations. 
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Figure 6.27: DeFLection proFile al mid-span For a 
point Load oF 0.15 kN al lhe edge. Supported al 
mid corrugations. 
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Figure 6.28: Deflection proFile oF asbestos cement sheet 
at quarter span For a point Load oF 0.15 kN at lhe edge 
supported at mid corrugations. 
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Figure 6.29: Longitudinal strain proFile at mid-span 
oF asbestos cement sheet For a point Load oF 0.15 kN 
at the edge supported at mid corrugations. 
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Figure 6.30: DeFLection proFile oF asbestos cement sheet 
al mid-?pan For a point Load oF 0.9 kN al lhe centre 
supported al mid corrugations. 
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Figure 6.32:0eFlection proFile oF ｡ｳ｢･ｾｴｯｳ＠ cement sheet 
at mid-span For a point load oF 0.9 kN applied at two 
corrugations at the edge.supporled al· every corrugation . 
. . ... 
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Figure 6.33:Longiludinal strain proFile at mid-span For 
a point Lqad oF 0.9 kN applied at two corrugations at the 
edge supported at every corrugation . 
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Figure 6.31: Deflection profile oF ｡ｳ｢･ｳｬｾｳ＠ cement sheet 
at mid-span For a point Load oF 0.9 kN at two 
corrugations supported at ·every ｣ｯｲｲｵｧ｡ｴｩｯｮｾＮ＠
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Figure 6.35:Longitudinal tensile strain proFile oF asbestos 
cement sheel at mid-span For a point load oF 0.9 kN at two 
corrugations at the centre supported at every corrugation 
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Figure 6.36: Warped asbestos cement sheet due 
lo moisture gradient through the sheet thickness 
covered with wet cloth on the top surFace. 
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Figure 6.37: Maximum mid-span deFLection oF asbestos 
cement corrugated sheet during First Four hours 
oF continuous soaking. 
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Figure 6.38 1: Maximum mid span deFLection oF asbestos 
cement corrugated sheet during soaking 
and drying period 
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6.5 Discussion of results 
6.5.1 Every corrugation of the sheet supported aa' to -gg' 
Figures 6.8, 6.9, 6.17, 6.18, 6.19, 6.20, 6.32, 6.33, 6.34 and 
6.35 show .the results of various loading regimes for the 
corrugated sheet supported at every bottom corrugation. In these 
figures the experimental deflection and strain· profiles lie mainly 
in between the two sets of theoretical resul.ts for which the E 
values were· obtained from direct tension and bending tests. Thus 
the theoretical results could be considered as lower bound and 
upper bound predictions based on two different E values. 
The E values from direct tension tests more frequently gave a 
closer prediction than the results obtained from the E values from 
bending tests. This is possibly because the lower parts of the 
corrugation in the corrugated sheet are more nearly in tension 
than bending under load or that the E value estimated in bending 
from a single corrugation is not the same as the stiffness of the 
full size ｳｾｾ･ｴ＠ as the material geometrically is more stiff. In 
general, the _theoretical predictions based on the tensile E value 
are within 20% of the experimental results. 
Asyrrmetry o( the deflection results at the edges of Figure 6.8 and 
6.9 was due to the geometrical asymmetry of the edges. Thus when 
both end corrugations were loaded equally, one side was stiffer 
hence deflected less than the other edge. Accordingly Figure 6.9 
shows that one edge is strained more under the same load. A 
practical difficulty associated with these tests was that the 
downward sloping edge on the left hand side (Figure 6.8) caused 
the sand ｢｡ｾｳ＠ to slide off the sheet and hence slightly non 
uniform load had to be applied locally at the crown of the 
corn.Igation. 
Loading on a single corrugation at mid-span at the edge of the 
sheet is the ' ·mC?st critical loading configuration ·and Figure 6.18 
shows that, the experimental tensile strains 'exceed 500 micro-
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strain longitudinally. This could cause minor cracks in many 
cement based.materials which could result in catastrophic failure 
of the sheet if. the material has no post-cracking strength. This 
has been experienced in the past with people walking on asbestos-
cement corrugated sheet roofs and many accidents have occurred in 
this way. Figure ·6.17 shows that point loading at the edge of the 
sheet mainly effects the corrugation under the load and one 
corrugation. each side, the effect of the load transfer to the rest 
of the sheet being minimal. 
Figure 6.19 and 6.20 shows that a point load of 0.9 kN applied at 
the mid-span of the mid-corrugation mainly affects three 
corrugations, ie the loaded corrugation and one at either side. 
There is a .. slight upward lifting of the sheet ·at one edge,but the 
tensile stresses resulting from this upward lifting would not be 
significant enough to cause any cracking around the fixings if the 
sheet was fixed to the main frame. 
The effects of loading on two corrugations is less severe than 
loading on a single corrugation as shown in Figures 6.32 to 6.35 
(compare with Figures 6.17 and 6.18). There is a slight upward 
lifting of the edge of the sheet as shown in Figure 6.32 when the 
· Opposite edge is loaded but its effect is not significant. 
6.5.2 ｓｾｰｰｯｲｴ･､＠ at four corner corrugations aa' and gg' 
Figures 6.10, 6.11, 6.12, 6.13, 6.21, 6.22, 6.23, 6.24, 6.25 and 
6.26 show the deflection and strain results for various loading 
regimes When the sheet is supported at the edge corrugations. 
Unlike the profiles described in 6.5.1, the deflection and 
longitudinal strain profiles in this section differ in shape due 
to the following reason. 
The results of mid-span and quarter-span deflection profiles of 
Figures 6.10 and 6.11 under uniform loading . are virtually 
identical which suggests that the corrugations in between the 
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supports are mainly bending in the transverse direction but when 
all corrugations are supported, bending occurs in both 
longitudinal and transverse directions (compare Figures 6.8 and 
6.10). Since the strain gauges attached to the sheet measure the 
strains in the longitudinal direction only (Figure 6.12) small. 
strains are recorded and theoretically predicted at the mid-·. 
conugations. However, the edge ｣ｯｲｲｵｧ｡ｴｩｯｮｾ＠ between the supports . 
carry most of the longitudinal bending forces and hence 
considerable strains at the edge corrugation in the longitudinal 
direction are measured as shown in Figure 6.12. For comparison, 
predicted transverse strain results are shown in Figure 6.13 which 
shows that the maximum tensile transverse st'rains are at the mid- . 
corrugation where the longitudinal strains were approximately zero 
as shown in Figure 6.12. Whereas transverse strain was zero at 
the edges which would be expected. In this· case the deflection. 
profiles of Figures 6.10 and 6.11 have similar shape to the 
theoretical transverse strain profiles. 
It should be noted that the maximum transverse tensile strains in 
Figure 6.13 approach 1000 micro strain which would be more than 
sufficient to crack many non-asbestos fibre cement sheets along 
the corrugation if they were poorly supported with a high snow 
load. 
The deflection profiles near the load of Figures 6.21 and 6.22 at 
mid-span and quarter span are no longer identical. This is 
because the sheet is loaded at the edge where it has been 
supported and hence the sheet is bending in both directions at 
the loaded corrugation. However, the experimental deflections 
have become less than the theoretical deflections for no apparent 
reason. The strain profile on figure 6.23 is similar to that when 
all the corrugations were supported in Figure 6.18 because in both 
cases where · the load is applied the corrugation is supported at 
either ends. However, the strains on Figure 6.23 are greater than 
in Figure 6.18 and, surprisingly the experimental strains are 
between the two theoretical values even though· the experimental 
deflections are less than theoretical. 
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The deflected shape at mid-span and quarter-span of Figure 6.24 
and 6.25 under a point load of 0.9 kN at mid-corrugation are 
similar to Figures 6.10 and 6.11 for uniformly distributed load 
ie mainly bending in transverse direction except at the supported 
corrugations. In this case there is slight bending in the 
longitu:linal direction at mid-span as shown by the longi-tudinal 
tensile strain profile in Figure 6.26. 
Figure 6.26 shows the most peculiar strain profiles with good 
agreement on shape between experiment and theory indicating that 
the sheet is bending in longitudinal direction along aa', cc', dd' 
and gg' with higher strains compare to the rest of the sheet which· 
is mainly bending in transverse direction with lower tensile 
strains in longitudinal direction. 
6.5.3 Supported at mid-corrugations cc' an4 ee' 
Figures 6.14, 6.15, 6.16, 6.27, 6.28, 6.29, 6.30, and 6.31 show 
the deflection and strain results for various loading regimes when 
the sheet is supported at mid-corrugations cc! .and ee'. 
The deflection profiles at mid-span and quarter-span under uniform 
loading are nearly identical which suggests that the corrugated 
sheet is mainly bending in the transverse direction. To maintain 
equilibrium, the downward deflections at the free ends have 
slightly lifted the corrugation in between the two supports ( ie 
dd') upwards as shown in Figures ＶｾＱＴ＠ and 6.15. Ｇｉｨｾ＠ deflections at 
the free edges are quite large ｾＲＲ＠ mm) but the longitudinal 
strains at the edges are ｳｾ｡ｬｬＮ＠ However, at mid-span between the 
supports where the sheet bends in two directions the strains may · 
reach 300 micro-strain as shown in Figure 6.16. Again there is a 
most peculiar shape for strain distribution which is not obviously 
related to the deflection profile. 
Figures 6.27 to 6.29 show the results when the sheet is loaded at 
the next corrugation to the edge corrugation ｾｩｴｨ＠ 0.45 kN applied 
load. Any increase in load level would lift the sheet from the 
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support ee' completely and at the same time the loaded edge of the 
sheet would contact the test rig. Loading in between the supported 
corrugations at mid-span between cc' and dd' lifted the edge 
｣ｯｾ｡ｴｩｯｮ＠ upward as shown in Figure 6.30. In this case 
considerable longitudinal tensile strains ＨｾＴＵＰ＠ micro-strain) 
resulted at the supported corrugation cc' as shown in Figure 6.31. 
6.5 .. 4 Some reasons for experimental and theoretical 
discrepancies 
The following factors could possibly explain some of the 
discrepancies between the experimental results and theoretical 
predictions. 
i) Because of the uneven bottom surface of the sheet every 
. ' 
section had a different thickness.. This could affect the 
theoretical results considerably as it has been assumed a 
uniform thickness in the analysis. 
ii) Due to the random fibre distribution, the local stiffness 
of the·:·sheet could have varied at different parts of the 
sheet. It was not ｰｾｳｳｩ｢ｬ･＠ to allow for this effect. 
iii) The corrugated sheet was initially slightly bent but was 
assumed to be straight in the analysis. 
iv) Difficulties in modelling the exact experimental support 
system in some cases in the analysis. 
v) EKperlmental difficulties in achieving a uniform distri-
bution of sand bags at the crown of the . corrugation and at 
the ･ｾｧ･ｳ＠ of the sheet. Theoretically a uniform load 
distribution was assumed. 
vi) Where localised loads were applied, the finite element mesh 
may ｮｯｾﾷ＠ have been fine enough for more accurate results. 
144 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾｾｾＭＭＭＭｾＭＭＭＭＭＭｾＭＭＭＭＭＭｾＭＭｾｾｾＭＭＭＭｾＭＭｾＭＭＭＭＭＭＭＭＭＭｾ ＭＭ " . 
6.5.5 Soaking results 
During the soaking of the top surface, 80% of the warping of the 
corrugated sheet occurred within the first hour (Figure 6.37). 
Had soaking of the surface continued for a longer period of time 
the deformat.ion of the sheet decreased due to the water 
penetration through the thickness of the sheet causing reduction 
in moisture gradient as shown in Figure· 6.38. The most severe 
condition is to soak three hours and then allow to dry and 
continue the same procedure as shown in Figure 6.39. This may 
explain . why some asbestos-cement sheets may spontaneous! y crack_· in 
thtmderstonns after a long dry pericx:l. 
Using the finite element analysis (Lusas) it was predicted that in 
order to return the deflected sheet back to its original position 
at the supports it would require a load at the supports of 
approximately 150 N at each side of the mid-corrugation on the 
crown as shown in Figure 6.40. Assuming that the sheet was bolted 
at the edge corrugation in Figure 6.40, the analysis predicted 
that the warping tensile stresses in lateral direction applied to 
the ｳｨ･ｾｴ＠ immediately under the fixings would be approximately 
3 N/rrm2 with a maximum of 120 micro-strain tensile strain. Thus 
continuous wetting and drying, as occurs in practice, will 
continuously fatigue the sheet near the fixing points with tensile 
stresses which will depend on the flexibility of · the fixings. 
6.6 Test on nonrasbestos fibre corrugated sheets 
6.6.1 Introduction 
This section describes the performance of two different 
corrmercially available corrugated sheets with different section 
profiles.and material properties as alternative materials to 
asbestos-cement sheets. 
Tests were carried out for uncracked sheet and ｴｾ･＠ Lusas ｰｲｯｧｲ｡ｾ＠
was used to predict the experimental deflection results. The 
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analytical technique was the same as described in Chapter 4 for 
tm.cracked sheet. Formex algebra was used to generate the finite 
element mesh pattern for the different profiles and these are 
included with the individual results for visual assessment. 
6.6.2 Material properties 
Theoretical analysis required estimation of the elastic modulus of 
the tmcracked material. Hence, longitudinal tensile specimens were 
cut from the sheets to carry out the direct tension tests. The 
sheets were 'Deep profile' and 'Standard profile 6' of Eternit 
2000 and Doublesix M of Duracem produced by Turner and Newall 
Limited. Tensile specimens were tested· in both wet and dry 
conditions and some of the properties of the materials are listed 
in Table 6. 7. Although the strips were only cut from one of the 
Eternit sheets, both types were asstnned to have the same mcx:luli. 
material 
Etemit 2000 
deep profile 
Duracem 
Doublesix M 
condition 
wet 
dry 
wet 
dry 
tm.cracked 
elastic 
modulus 
GPa 
15.0 
14.6 
15.3 
15.3 
tensile 
strength 
MPa 
6.4 
8.0 
7.1 
5.6 
failure 
strain 
micro-
strain 
20,000 
21,000 
8,000 
< 2,500 
Table 6. 7 Direct tension test results on alternative materials 
to asbestos cement. 
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6.6.3 Corrugation profiles 
The section profile of one of the corrugations of each individual 
sheet are shown in Figures 6.41 and 6.42. The section properties 
of these sheets are listed in Table 6.8 some of which have been 
used for the theoretical predictions. It will be noted that the 
section moduli for two of the sections are considerably greater 
than that of asbestos-cement ＨｾＷＵ＠ mm3/rn) and this is because the 
profiles were designed to be used over a larger span than the 
asbestos-cement sheets described herein. However, the purpose of 
this exercise was to compare deflections predicted using the Lusas. · 
programme for the different profiles with experimental deflections 
thus giving further confidence in the analysis for a range of 
section shapes. Thus, the same span was used .for each test. 
property 
overall length (nm) 
overall depth ( rrm) 
overall breadth (nm) 
average thickness (mn) 
section modulus (mm3/m) 
tension 
compression 
second moment of 
area (mn4/m) width 
area (nm2 /m) width 
Eternit 2000 
deep profile profile six 
2100 1975 
89 54.4 
1140 1086 
8.4 7.24 
width 
238 X 103 86 X 103 
188 X 103 84 X 103 
9345 X 103 2303 X 103 
9759 8764 
Dura cern 
Doublesix 
M 
2125 
91.4 
1300 
8.0 
152 X 103 
140 X 103 
6660 
9171 
Table 6. 8 Dimensions ani section properties of different sheets 
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6.6.4 Tests on alternative sheets 
The three different profiles were tested simply supported over a 
span of ＱＮＳｾ＠ m. Standard profile six of Eternit was supported in 
the same way as for the asbestos-cement sheet but for the 
different profiles, packers were used at intervals to give an 
approximation to a uniform support system. These sheets were only 
tested under uniform loading in uncracked condition in order to 
give a comparison with the theoretical predictions. 
Figure 6.43 shows the deflection profile at mid-span of Eternit 
profile 6 under tmiform .loading of 1.45 kN/ m2. The loading in this 
case was such that the edges of the sheet were not loaded. 
Figure 6.44 shows the deflection profile at mid-span of the 
Eternit Deep profile under uniform loading of 1.52 kN/m2. 
Figure 6.45 shows the deflection profile at mid-span of Duracem · 
Doublesix M under uniform loading of 1.25 kN/m2. For these load 
levels the average deflections for big profiles were less than 
1 mm. The asymmetry of the deflections shown in Figures 6.43 
to 6.45 is because .the edge of the sheet ·on the left hand side of 
the ｦｩｧｵｲ･Ｎｾ＠ is stiffer than the right hand side. Generally there 
is a good correlation between the experimental results and 
theoretical predictions and the small differences ＨＮＭＮＮｾＰＮＰＵ＠ mm) are 
rather exaggerated by the enlarged vertical scale. Average 
experimental mid-span load-deflection curves of four uncracked 
corrugated sheets of three different materials are shown in 
Figure 6 .46. Edge corrugation deflections were not included in 
the averages. 
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Figure 6.46 shows that although Eternit profile 6 has a higher 
section modulus in tension than asbestos-cement sheet it has 
deflected more than asbestos-cement sheet under the same load. 
This is because the elastic modulus of asbestos-cement is 
approximately 40% higher than the Etemit sheet (see· table 6.1 and 
6. 7). The Eternit Deep profile has only approximately 6% more 
material per m2 than Duracem Double 6 M with approximately the 
same elastic moduli but it has deflected 12% less than ｴｨｾ＠
Duracem. This is because the section modulus in tension of the 
Deep profile is very much greater than section modulus of Duracem 
Doublesix M (see table 6.8). Hence, for the same deflection the 
Eternit sheet would carry a higher load. 
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DeFLection ( mm) 
1 • 0 
1 • 2 
1 .1 
1 • 6 
1 • 8 
2.0 
2.2 
2.1 
2.6 
Mesh pattern and support condition. 
* \ 
ｾ＠ Ex peri menlo l 
* TheoreticaL 
Figure 6.13: DeFlection proFile ul ｾｩ､Ｍｳｰ｡ｮ＠
of Elernil 2000 proFile 6 under uniform . loading 
of 1.116 kN!m 2 .Supported at every corrugation . 
152 
•• 
DeFLection 
(mm) 
0.6 
0.7 
0.9 
1 • 1 
1 • 2 
Mesh pattern and support condition. 
*----
--
._ "* ._ 
...... 
...... 
ｾ＠ Experimental 
* Theoretical 
Figure 6.11: DeFlection proFile at mid-span oF 
Eternit 2000 Deep proFile under uniForm Loading oF 
1.522 kN!m 2. Supported at every corrugation . _ 
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D. Experimental 
* Theoretical 
Figure ·6.15: DeFlection proFile at mid-span oF 
Duracem Double 6M sheet under uniForm loading oF 
1 .253 kN!m 2 .Supported at ･ｶ･ｲｾ＠ corrugations. 
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6.7 Concluding remarks 
1. The modul':ls of elasticity of asbestos-cement sheet in 
bending, ｾｳ＠ approximately 35% less than the modulus 
obtained from tensile coupons in direct tension. 
The ｭｯ､ｾｵｳ＠ of elasticity measured up to 600 micro-strain in 
compression is similar to the modulus in direct tension. 
2. Generally, the theoretical predictions of deflections have 
been shown to follow similar shapes to.the experimental 
deflections for asbestos-cement and for the alternatives 
Eternit and Duracem sheets with different profiles. 
The results of the mathematical model used to describe the 
strains in asbestos-cement corrugated sheet under any loading 
configuration and support condition have shown a good 
agreement with the experimental results. Experimental tests 
and theoretical predictions have proved that asbestos-cement 
corrugated sheet would withstand typical service stresses 
even in very poor support condition without any failure. 
· 3. Warping stresses in asbestos-cement due to the soaking and 
drying of the corrugated sheet at room temperature 20°C are 
unlikely to cause any cracking round ｴｨｾ＠ bolts. However 
weaker materials could suffer damage in this area. 
4. The Lusas finite element programme provides an excellent 
predictive method for assessing the performance of 
uncracked corrugated sheets with various profiles under a 
variety of test conditions. 
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<liAP'lER 7 
POLYPROPYLENE REINFORCED CEMENI' ｾａｃｩｴｩｒｅ＠
7.1 Matrix 
Mix proportions for manufacturing of polypropylene reinforced 
cement sheet in this thesis are shown in Table 7.1. 
Table 7.1 
Material Ratio by weight 
Cement 
Water 
Pulverised fuel ash (PFA) 
Sand 
Melment L10 
Total 
Mix proportions by -weight. 
1.0 
0.34 
0.25 
0.19 
·o.o1s 
1.798 
In order to obtain a highly workable mix at a low water/cement 
ratio a melamine formaledehyde superplasticiser, Melment L10 by 
Hoechst Chemicals Ltd, was used. In some mixes a slight increase 
in the amount of superplasticiser was made _to obtain better 
fluidity of the mix and easier flow through the ·layers of networks 
during sheet manufacture. A lower shrinkage than pure cement paste 
was obtained by the inclusion of silica sand and PFA as fillers. 
A three speed Peerless planetary action mixer was used in which 
the bowl and the paddle were moistened before adding the dry 
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materials to minimise water loss from the mix. The cement, fly 
ash and sand were dry mixed at low speed and then the water added. 
Mixing was continued until a homogenous stiff paste was achieved, 
at which stage Melmont L10 was added. After approximately one 
minute the :speed was increased and the mixing continued for a 
further two minutes. The mix was then transferred to a polythene 
bin and if the mix stiffened appreciably during the time of up to 
one hour when it was being used, further hand mixing restored the 
workability. 
7.2 Fibrillated film networks 
Over the last few years various products of polypropylene in the 
form of film and net have been used and tested at the University 
of Surrey. 
In the past, one of the difficulties of manufacturing 
polypropylene reinforced cement sheets in the laboratory was the 
use of 50-60 individual layers of polypropylene to form a 6 to 8 
nnn thick composite. This was a very time consuming process. More 
recently a new process for manufacturing polypropylene networks, 
specially for inclusion in cement mortar has been developed in 
Italy. The type of polypropylene networks, tradename Retiflex, 
used in this study was supplied by Moplefan SPa (Montedison 
Group}. 
Retiflex is a specially treated fibrillated polypropylene net made 
into a multilayer pack as shown in Figure 7 .1. It is formed from 
stabilised opened layers of continuous networks of interconnected 
fine filaments, oriented to the desired direction to give the 
product ｡､･ｱｌｾｴ･＠ material properties. It is delivered in bobbins 
up to a maximum width of 1.4 m and is available in different types 
and weights as given below: 
158 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＧＭＭＭＭＭＭＭＭＭＭＧＭＭｾＭＭ Ｍ --· -- ' ·-
Types Weight (g/m2) 
RL/04/A 15 to 40 monodirectional 
RL/08/A 30 to 80 monodirectional 
RL/12/A 45 to 120 monodirectional 
RT/12/B 45 to 120 bidirectional 
RT/16/B 60 to 160 bidirectional 
TWo different widths of Retiflex were used in this study, ie 
0.60 m and 1.20 m type RT/12/B weighing 116 .g/rn2. Every pack 
contains twelve layers of fibre networks, eight layers being in 
longitudinal direction (ie main direction) and four layers at 
right angle to this in the lateral direction. The format of 
layers is shot:m below: 
Longitudinal 
_________ _. ___ ......,. __ _ 
- ｾ＠ - - - - _... ._ - - --- - -- -
- - - ..,_ - ........ - ...,.. - - - - - __ 
........... _ ___ -- --- Transverse 
L o li g I t u d I na I 
Cross section of Retiflex 
Retiflex's particular production ｴ･ｾｨｮｩｱｵ･＠ enables it to be 
wettable with aqueous solutions and to have good adhesion with 
hydraulic binders. The networks can be impregnated easily with 
cement paste and have a high durability and resistance to alkalis 
and acids. 
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7.3 Sheet manufacturing techniques 
The basic technique was a hand lay up process in which open packs 
of network were impregnated with an appropriate quantity of matrix 
tmtil the torrect thickness were obtained as shown in Figure 7 .2. 
7.3.1 Corrugated sheet 
Three groups of two people were involved in the manufacturing 
process simultaneously and two additional people hatched, mixed 
and handed out the matrix continuously. Each group was responsible 
for preparing one layer of flat sheet and placing it onto the · 
mould to -form the corrugated sheet. 
The basic procedure was as follows: 
i) Three layers of oversize polythene sheet were placed on the 
concrete floor which was previously swept and moistened to 
ensure intimate contact. As far as it was possible the 
wrinkles and air bubbles trapped in between the polythene 
sheet and the floor were removed. 
ii) One pack of network 1800 mm long was cut from the bobbin 
and was placed over each· polythene sheet. 
iii) Matrix was added and worked into the network by hand with 
some hand pressure to ensure that all the layers were fully 
ｩｲｮｰｲｾｧｮ｡ｴ･､＠ by the matrix. Occasionally, to encourage and 
ease the penetration of the matrix through every layer some · 
of the matrix was placed on the polyth.ene sheet ie under 
the network prior to positioning the nets. 
iv) A solid concrete corrugated mould cast from a big size 
asbestos-cement sheet was 'used as formwork. The base of 
. -
the mould was swept and moistened and a pol ythene sheet was 
laid to the profile and all the air bubbles were removed to 
ensure a good contact. This eliminated the problems of 
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lifting off the corrugated sheet from the mould and also 
considerably contributed to the smoothness of the bottom 
surface. 
v) The individual flat composite sheets were between 1 rom and 
1.5 rom thick and were laid onto the mould and shaped into 
the corrugations by means of a steel roller and hands. 
vi) The procedure was repeated until the required composite 
thickness was achieved. Then a polythene sheet was placed 
on top and a clean top surface obtained by smoothing the 
polythene sheet with the hands and the steel roller to 
eliminate air bubbles and ensure a good contact. 
vii) The sheet was protected from drying by curing twenty four 
hours under polythene sheets. Then water was ponded on the 
mould and the sheet was left to cure under water for seven 
days. Finally the sheet was carefully removed from the 
mould and stored in the curing room ·(20°C, 100% RH) until 
required for testing. Before testing, the rough edges of 
the sheet were trimmed with a diamond saw. 
7.3.2 "Flat sheet 
Flat sheets approximately 600 x 600 mm were subsequently made from 
the same matrix proportions and packs of networks as the 
corrugated sheets. They were made on a smooth wooden board 
approximately to the same thickness as the corrugated sheet. The 
flat sheet was protected from drying by covering with polythene 
sheet overOight. Then it was cured under water at 20°C. 
During the curing period the edges of the sheet were trimmed to 
. . 
eliminate localised high film volume fractions and then it was cut 
(using a Tyslide saw with a diamond-paste-edged blade 1.5 mm 
thick) into approximately 300 mm long x ·25 mm wide tensile 
specimens in both longitudinal and lateral directions. The width. 
and thickness of each specimen was measured at three positions to 
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Figure 7.1: RetiFlex-polypropylene Fibrillated 
Film network 
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Figure 7.2: Working 
matrix into 
polypropylene 
network 
• 
accuracies of 0.1 and 0.01 mm respectively. The specimens and the 
corrugated sheet were taken out of the curing room at the same 
time and dried in laboratory air for fourteen days before testing. 
7.4 Determination of fibre volume content 
The fibre volumes were determined from samples of composite 
approximately 50 mm long by 25 mm wide, cut from the test 
specimens after test. The volume of the ｣ｯｭｰｾｾｾｴ･＠ (Vc) were fbuoo 
by accurate weighing in air and in water and then the matrix was 
softened by placing the sample in a container with about 100 ml of 
a mixture of concentrated hydrochloric acid ､ｾｬｵｴ･､＠ with an equal 
volume of water. After approximately fourteen days the matrix had 
softened and· was carefully washed out of the film, which was then 
dried in an oven at 105°C and weighed (W1 ) on a balance to an 
accuracy of 0.0001 g. 
Tile fibre volume fraction vf is detennined from: 
w1 1 
vf = x 100% 
Pf Vc 
Where Pf, the fibre specific gravity, which is 0.91 for 
polypropylene. As the fibres were two directional, the effective 
film volume at each direction was determined ｾ･ｰ｡ｲ｡ｴ･ｬｹＮ＠
. . 
7. 5 Dimensions of the manufactured sheets 
and. :thickness measurement 
Two corrugated sheets were made with two different widths of packs 
of films. The overall sheet dimensions and section properties are 
shown in Table 7 .1. 
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Corrugated sheet Corrugated sheet 
A B 
overall length (mn) 1770 1720 
overall breadth (nm) 475 1036 
overall depth (nm) .54.2 51.5 
average thickness (nm) 7.00 3.7 
I. Second mount of area 
(mm4/m width) 2234 x 103 1189 X 103 
z. Section. modulus 
(mn3 /m) ·width 82 x 103 
Table 7.1 Dimensioos md section properties of corrugated sheets 
After trimming the edges of the sheet two micrometers were used to 
measure ｴｾ･＠ average thickness to accuracies of 0.01 mm. One 
micrometer· was used to measure round the ･､ｧ･ｾ＠ and the other with 
extended arms was used for measuring away :from the edges. An 
average of ten readings were taken for each corrugation with each 
micrometer and the results we+e averaged. 
Figures 7.3 and 7.4 shows the section profile of single 
corrugation of corrugated Netcem sheet A ｾｮ､＠ B respectively 
together with some of the section properties. 
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7. 6 Uniaxial . tension testing ani cyclic loading 
Uniaxial· tension testing facilities and techniques are described 
in Section 5.1. For polypropylene reinforced cement specimens a 
second chart recorder was additionally ｵｾ･､Ｎ＠ The individual 
signals from two LVDTs were displayed on one of the Bryans 
recorders to record up to 0.5% strain. These were simultaneously 
electronically summed and averaged (unit constructed by Sands-
Whitely R & D Ltd) prior to display on a seconi recorder recording . 
up to 8% strain (Figure 5.1). 
The specimens cut from the first manufactured sheet were tested at . 
a ｣ｲｯｳｳＭｨ･ｱｾ＠ displacement rate of 10 rom/minute. Load cycling was 
carried out ·_ on the specimens cut from the second manufactured 
sheet by reversing the direction of cross-head movement at every · 
0.09% - 0.1% strain intervals so the modulus of the cracked 
composite for variety number of cracks could be estimated. 
After completion of tensile tests total number of the cracks 
within 100 mm gauge length marked on each specimen was counted 
with an microscopic examination with highlighting the cracks by 
wetting the specimen surface with wet cloth, which water was 
retained in the cracks as the remainder of the specimen surface 
was dried. This was used to estimate the modulus of the cracked 
composite for various number of cracks. 
7.7 Corrugated sheet testing 
Two Netcem sheets A and B with the same span but different widths 
were tested .. on the rig which has been described in Section 5.5. 
Sheet testing procedure is similar to asbestos-cement sheet as 
described in Section 5.9. Corrugated sheet A with three 
corrugations was simply supported as were in a similar manner to 
the asbestos-cement sheet as shown in Figure 7.5 •. Figure 7.6 shows 
the corrugated sheet A under uniform loading. 
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Figure 7.5: Netcem sheet A on the test rig 
Figure 7.6: Netcem sheet A under uniForm Loading 
168 
• 
The second full size sheet was fixed to the main frame by fixings 
recommended for the corrugated sheeting in BS 5427(1976). Figures 
7.7 and 7.8 show the corrugated sheet B under uniform load and 
concentrated load at midspan. 
Two timber sections 92 mm deep x 44 rnm thick were placed on top of 
the main supporting frame, one at each end such that the threaded 
adjustable rods fixed to the main frame fitted in the holes which 
had been previously drilled to three-quarter of the depth of the 
timber section. Fixings were threaded rods 6 mm in diameter and 
300 mm long passing through the crown of the corrugation into the.· 
timber ｡ｾ＠ then through the top flange of the main steel frame as 
shown in ＩｾＧｩｧｵｲ･＠ 7.9. The holes in the corrugated sheet were 
drilled 1 mm to 2 mm larger than the diameter of the rod to 
eliminate possible cracking of the sheet due to the rigid fixings. 
Plastic washers were used for the crown and steel washer for the 
bottom nut as for standard asbestos cement fittings. Four fixings · 
were used two at each side, three corrugation apart as recommended 
by BS 5427 (1976). Sheet testing procedures are described in 
Section 5.9. 
7.8 Strain gauge attachment techniques and the layout 
The methods at which the strain gauges are attached to both Netcem 
sheets are described in Section 5. 7 and their layout is shown in 
Figure ＷＮＱｾ＠ and Figure 7.11 for Netcem sheet A and B respectively. 
The strain gauges had 10 mm gauge lengths. The position of the 
LVDTs are also shown in the same Figures. 
7.9 Soaking and drying of Netcem sheet 
The process is described in Section 5.10. In the case of the 
Netcem sheet the test was carried out in the following conditions: 
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i) The sheet was free to lift up from the supports and also to 
move in any direction as in the case of the asbestos-cement 
sheet. 
ii) The sheet was fixed so only minor upward movement was 
allowed by the plastic washers. 
Figure 7.12 shows the corrugated sheet Bin soaked condition. 
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Figure 7.7 : Netcem sheet B under uniform loading 
Figure 7.8: Netcem sheet B under point Loading 
on single corrugation 
171 
• 
Figure 7.9: Fixing positions oF Netcem sheet 8 
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rnAPlFB 8 
OF IDLYPROPYIENE REINF<JlCID CFMEN1' 
8.1 Introduction 
This chapter describes comprehensive experimental tests carried 
out on two Netcem sheets together with the theoretical 
predictions. The performance of the Netcem sheets in uncracked, 
semi-cracked and fully cracked condition for various loading 
regimes is reported. 
Soaking and drying tests have been carried out together with some 
investigations into the warping.· ·Stresses ｣｡ｾｳ･､＠ by moisture 
gradients within the thickness of the sheet. 
The experimental results of Netcem flat speqimens in direct 
tension and in cyclic loading are also ｰｲ･ｳ･ｮｴ･､ｾ ﾷ＠ · 
8.2 Results of flat specimens 
In order to estimate the properties of the material for the 
theoretical analysis i.e. the elastic moduli in two directions for 
uncracked and cracked corrugated sheets, direct tension tests were 
carried out as described in Section 7.6. The samples were cut 
from flat sheet made at the same time as the corrugated sheets. 
8.2.1 Direct tension 
Figure 8.1 shows the typical stress-strain curve.s in longitudinal 
and lateral directions for specimens from the flat sheet made with 
corrugated sheet B. The uncracked, multiple cracking and fibre 
extension regions are shown. Generally the stiff, uncracked region 
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is followed by a region of increased ｣ｾｭｰｯｳｩｴ･＠ strain at 
approximately constant stress whilst multiple cracking of the 
matrix occurs. The post-cracking slope is essentially a function 
of the product of the film modulus and · film volume fraction. 
(Ef Vf) 
For each specimen, the following data have been abstracted from 
the stress-strain relationships. 
Ec - The modulus of uncracked composite. 
Ef - The modulus of the fibre determined from the post 
cracl<ing slope. Ef Vf 
€me - The approximate strain at the completion of multiple 
cracking. 
€ m - Approximate matrix cracking strain. 
Additionally, the fibre volume fraction (Vf) in each direction, 
the total number of the cracks within the extensometer gauge 
length (100 mm) after multiple cracldng (N) and average thickness 
of the specimen (t) for each specimen have been assessed. 
€me was ｾｰｰｲｯｸｩｭ｡ｴ･ｬｹ＠ estimated from the intersection of the post 
cracking slope with a horizontal line through € mc/2. It was 
usually possible to estimate € mc/2 reasonably close by an initial 
judgment of € me· 
Fifteen specimens for sheet A and twenty five specimens for sheet 
B were tested in direct tension, and the data associated with 
these are listed in Tables 8.1 to 8.3 for longitudinal and lateral . 
specimens. 
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Figure 8.2 shows typical multiple cracked longitudinal and lateral 
tensile specimens after test. 
8.2.2 Cyclic loading 
Stress-strain relationships in cyclic loading of a longitudinal 
specimen for corrugated sheet B is shown in Figure 8.3. 
The residual strains at zero load can be seen to increase with 
increasing strain from which tmloading ｣ｯｭｭ･ｮｾ･ｳＮ＠ The reloading 
path is, initially, as stiff as the original uncracked composite 
loading path but the stiffness reduces as the stress increases. 
The stiffness at an intermediate level on the reloading path also 
reduces as the unloading strain increases. 
The important data associated with cyclic loading were the 
detennination of two mcx:luli as follows:-
E1 1he tangent modulus at a stress of 2.5 MN/m2 on reloading 
from zero load. This describes the stiff part of the 
reloading path. 
Ez The tangent modulus to the rest of the reloading curve at a 
stress of 5 MN/m2. This describes the less stiff part of 
the reloading path. 
Cyclic loadlng was not carried out on tensile specimens for 
corrugated s}:leet A. However, the mcxlulus of the cracked composite 
for various numbers of cracks was estimated by the technique 
described in Section 4.4.4 and the results are tabulated in Table 
8 .4. Other properties of these specimens are presented in Table 
8.1. 
Figure 8.4 shows a typical tensile specimen ｵｮ､ｾｲ＠ cyclic loading 
up to 0.5% strain, E1 and E2 being shown clearly for each 
reloading curve from zero load. Generally the two tangents E1 and 
E2 approximately describe the reloading path. The results of the 
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Longitudinal specimen 
Lateral specimen 
Figure 8.2 Typical cracked tensile specimen 
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Figure 8.4: Cyclic loading of a tensile specimen 
up to 0.5% strain. E1 and E2 are the tangent moduli 
used for the analysis of cracked Netcem sheet B. 
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elastic moduli of the cracked composite for various numbers of 
cracks in the tensile specimens for corrugated sheet B using 
cyclic loading characteristics are tabulated in Table 8.5. Other 
properties of these specimens are presented in Table 8.2. 
Only the longitudinal tensile specimens under cyclic loading were 
analysed for the data preparation for the cracked corrugated · 
sheet, since no cracks were observed parallel to the span in 
either of the corrugated sheets. 
8.3 Sheet ,testing results -in the uncracked condition 
This section describes the performance of the Netcem sheets in the ·. 
Un.cracked condition only under uniform loading •. · Netcem sheet A 
was supported in similar manner to asbestos cement ancl sheet B was 
fixed to the main testing frame as described in Section 7.7. 
Stanclard asbestos cement fittings as recommended in B.S. 
5427(1976) for corrugated sheeting w.ere used to fix the Netcem 
sheet B as applied in practice. The stiffness of the plastic 
washers placed at the crpwn of the corrugation for each bolt was 
estimated to be approximately 60 N/mm using an Instron 1122 
machine. Theoretically it was assumed that the corrugated sheet 
was fixed to the main frame at every corrugation and had downward 
spring loads with stiffness of the washers at four fixing 
positions. 
Experimental deflections and strains are presented together with 
the theoretical predictions for the uncracked state. Every figure 
includes ｴｾ･＠ mathematical model showing the finite element mesh 
pattern and the support ｣ｯｮ､ｩｴｩｯｾ＠ Netcem sheets were analysed in 
general as an orthotropic material with moduli obtained from 
direct tension test results in two directions • . The elastic moduli 
used for the analysis of two sheets were: 
Sheet A Longitudinally 
Laterally 
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26.1 GPa 
22.0 GPa 
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Sheet B Longitudinally 
Laterally 
25.9 GPa 
21.2 GPa 
Figure 8.5 shows the load-deflection curve of sheet A under · 
uniform loading as the average of the two central corrugations at 
the mid-span and Figure 8.6 shows the deflection profile at mid-
span for a uniform loading of· 1.774 kN/m2. 
Figure 8.7 shows the load-deflection curve of sheet B as the 
average of the three central corrugations at mid-span under 
tmiform loading and Figures 8.8 and 8. 9 show the deflection and 
longitudinal tensile strain profile at mid-span for a uniform 
loading of 0.908 kN/rn2. 
These results are discussed in Section 8.7.2. 
8.4 Strain measurements across a crack in Netcem sheet 
In order to measure the strains across a crack,·Netcem sheet A was 
loaded such that a single crack was developed across the mid-
cornigation. Then the sheet was removed from the test rig and a 
series of 10 rnrn strain gauges approximately. 10 rnm apart were 
attached to the sheet as shown in Figure 8.10 in order to obtain a 
strain profile at the cracked section. These ｾｴｲ｡ｩｮ＠ gauges were 
fully attached to the sheet at the uncracked section and debonded 
at the ｣ｲ｡ｾｫｳ＠ so that only the ends of the gauges were attached at 
either side of the crack across the lateral dimension of the 
corn.Igation. The corrqgated sheet was then repositioned on the 
test rig, and reloaded. 
Under the applied uniform load the existing crack opened up and 
the strain gauges recorded the strain due ·fo this extension. 
ａｳｳｾｮｧ＠ x is the opening of the crack under· load and L is the 
length of ｴｾ･＠ strain gauge which variety of lengths could be fixed 
across the crack. Now the average strain over the length of the 
gauge ignoring small strains in the matrix on ｾｩｴｨ･ｲ＠ side of the 
crack is x/L. 
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Figure 8.5: Load-deFlection curve at mid-span oF uncracked 
sheet A under uniForm loading. 
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Figure 8.6: DeFlection proFile oF uncrucked Netcem sheet A 
at mid-span under uniForm loading oF 1 .771 kN1m 1. 
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Figure 8.10: Strain gauge positions 
on Netcem sheet A. 
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Now consider two different gauge lengths of 0.2 mm and 5 mm across . 
the crack. For the same crack opening the average resultant strai1:1 
recorded by a 0.2 mm gauge length would be twenty .five times 
bigger than that of a 5 mm gauge length {ratio of the gauge 
lengths}. So the experimental strain results obtained will depend 
ｳｴｲｾｬｹ＠ on the length of the strain gauge. However the 
experimental measurements of strains across the crack could be 
used to ･ｳｴｩｭｾｴ･＠ the increase in crack width. An attempt was made 
to assess these strains but due to a malfunction in the equipment 
no sensible results were obtained. 
In general when the sheet i$ multiply cracked the strain 
measurements would be impractical and inaccurate. Hence, for 
cracked Netcem sheets A and B, only the deflection results, which 
could be ｭ･｡ｳｾｲ･､＠ very accurately for any crack condition, are 
compared with the theoretical predictions. 
8.5 Results of sheet A in the cracked condition 
This section describes the experimental performance together with 
the theoretical predictions of Netcem sheet A and the full size 
Netcem sheet B when it is cracked at various positions for various 
number of cracks under different loading regimes. 
A compl:lter pl9t of the corrugated sheet, the support system and 
the finite element mesh pattern with the positi.on of the cracks 
and the loading system in the case of concentrated loads are 
included with every plot of deflection profiles in order to make 
it easier for the reader to visualise the whole structural 
configuration. 
Throughout the experimental work cracks were carefully detected 
using bright lights and magnifying glasses tmderneath the sheet. 
In most cases where it was difficult to recognise the crack, water 
was pounded on the top surface and after few seconds cracks were 
nicely visible as damp lines. 
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8.5.1 Results of Netcem sheet A 
'!he elastic moduli used for the analysis of the cracked sheet A 
were based on those obtained from the method described in 
Section 4.4.4 and moduli for various numbers of cracks within 
100 nun extensometer gauge length of the tensile specimens are 
shown in Table 8.4. 
Corrugated Netcem sheet A was mainly tested under uniform loading 
in order ｾｯ＠ obtain confidence in the theoretical predictions. A 
similar procedure was then applied to the full size sheet B for_ 
various loading regimes. 
As described in Section 4.4.4 for any loading_ level only one E 
value was used in each element for the theoretical analysis. 
ie it was assumed that the reloading path of a cracked specimen 
was linear from zero load. However, when several corrugations 
were cracked, a variety of E values had to be used in each 
calculation of ､･ｦｬ･｣ｴｩｾ＠
Experimental results and theoretical predictions of deflections at · 
mid-span for various numbers of cracks are shown in Figures 8.11. . · 
to 8.22. 
8.5.1.1 Results with a single crack 
A single c-rack was first developed at two mid-corrugations at mid-
span under a uniform load of 2.14 kN/m2. The plan view of the 
finite element mesh pattem is shown in Figure 8.11 which includes 
the elastic moduli used for the analysis and the elements 
simulating the crack. 
The sheet .was then unloaded and after deflection recovery it was . 
reloaded and the results of mid-span deflection were recorded. 
Figure 8.12 shows the deflection profile at mid-span under the 
reloaded uniform load of 2.14 kN/m2. Figure 8.13 shows the 
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average load-deflection curve of two central corrugations ｵｾ､･ｲ Ｎ＠
t.mi.fonn loading for uncracked and with single crack for comparison. 
ＸＮｾＮＱＮＲ＠ Results .with .twenty.five -cracks 
FUrther load was added to the sheet and the number of cracks was 
increased ｴｾ＠ a total of 25. ie every corrugation had several 
cracks. The corrugated sheet was unloaded and then re-loaded to 
2.14 kN/m2 the zero for deflection measurements being taken as the 
most recently unloaded ｰｯｳｩｴｩｾ＠
Figure 8.14 shows the· plan view of the mesh pattern and the 
elastic moduli of tmcracked elements and elements including cracks 
which were used for the analysis. The number of cracks at each 
corrugation is also shown in the same figure. The elastic 
modulus used in the lateral direction was 22.0 GPa for all the 
elements. 
Figure 8.15 shows the deflection·profile at mid-span under uniform 
loading of 2.14 kN/m2. The average load-deflection curve of the 
two central ·.corrugations under uniform loading for uncracked sheet 
and for total of 25 cracks are shown in Figure 8.16 for 
canparison. 
8.5.1.3 Results with forty cracks 
The total number of cracks in the sheet was increased to forty 
under uniform loading. The plan view of the mesh pattern, the 
number of cracks at each corrugation and the elastic moduli used 
for the analysis are shown in Figure 8.17. 
Figure 8.18 shows the deflection profile at mid-span urrler unifonn 
loading of 2.14 kN/m2. The average load-deflection curve of the 
two central-corrugations for uncracked sheet and for total of 40 
cracks are shown in Figure 8.19 in which the experimental 
reloading path is.also shown. 
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8.5.1.4 Results of fully cracked -sheet A 
The corrugated sheet was heavily loaded using a four point loading 
system to an equivalent uniform load of 5 kN/m2 and then with a 
concentrated "!oad of 2 kN at the centre span. The mid-section of 
every corrugation was therefore considerably cracked. Between 
forty nine and fifty three transverse cracks were developed at 
each corrugation but no cracks were developed _ even under these 
loadings along the span in longittrlinal direction. Therefore the 
elastic modulus used for the analysis in the lateral direction 
remained the same as in the uncracked sheet. 
Figure 8.20 shows the plan view of the mesh pattern, and the 
elastic moduli used for the analysis. ｆｩｧｵｾ･＠ 8.21 shows the 
average load-deflection curve of the two mid-c?rrugations and the 
experimental tmloading path for fully cracked sheet tnrler unifonn 
loading. 
Figure 8.22 ｾｨｯｷｳ＠ a comparison between the average load-deflection 
curve of the .uncracked and the fully cracked sheet under uniform 
loading both experimentally and theoretically.. The residual 
deflections after unloading were used as the datum for succeeding 
load-deflection curves in all figures. 
8.6 Results -for Netcem sheet B 
Tests on sheet B were divided into two regimes which were designed 
to investigate different types of loading from those to which 
sheet A was subjected. 
Firstly, the effect of wetting and drying the top surface of the 
sheet was studied to obtain some idea of the stresses and 
deflections imposed on sheets due to warping c·aused by moisture 
gradients in service. These tests were carried out in the 
uncracked state and could be compared with similar tests on 
asbestos-cement sheet. 
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The second phase of tests involved the application -of mainly point 
loads to the crest of various corrugations which had been pre-
cracked, to check whether the analytical principles developed for 
the cracked but uniformly loaded Netcem &heet A could also be 
applied to.asymmetric point loads for sheet B which would produce · 
severely distorted deflection profiles. 
8.6.1 Soaldng and drying 
Soaldng and drying of the top surface of the corrugated sheet B in 
uncracked condition was carried out with two different support 
systems as follows. 
8.6.1.1 Free support condition 
Initially the corrugated sheet was supported in a similar manner . 
to the asbestos cement sheet (Section 6.4.4), so that the upward 
､･ｦｬ･｣ｴｩｯｮｾ＠ at mid-spah after warping of the sheet could be 
compared ｷｾｴｨ＠ the asbestos cement. Figure 8.23 shows the warped 
shape of the Netcem sheet B which is covered with wet cloth on the 
top surface. 
Figures 8.24 and 8.25 show the deflections at mid-span of the 
central corrugation during first four hours and twelve hours of 
continuous ·soaking and then natural drying period. Figure 8.26 
shows the deflection profiles at mid-span for various periods of 
time under .soaked condition at the top surface. 
8.6.1.2 Fixed support condition 
The corrugated sheet was then tested with the ends fixed as 
described in Section 7. 7. Figure 8.27 shows the corrugated sheet 
in fixed position covered with wet cloth on the top surface. 
After twelve hours of continuous soaking of the surface, upward 
deflection of the central corrugation at ｭｩ､Ｍｾｰ｡ｮ＠ was only 0.6 mm 
with the ends of the sheet mainly in contact with the support. 
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A theoretical analysis using Lusas was carried out to estimate 
approximately the stresses round the bolts in the uncracked sheet 
in wet condition. The experimental upward deflections after 
warping of the sheet in free support conditions (Section 8.6.1.1) 
were fed into the analysis as an initial displacement of the sheet 
instead of being flat. Then the loads ｲｾｱｵｩｲ･､＠ on four fixing 
positions were calculated to push the corrugated sheet back to 
zero displacement at the support points assuming that the upward 
deflections in fixed support condition were negligible. The 
stresses were then approximately estimated. The required loads 
were predicted to be 100 N at each fixing position, and the 
warping tensile stresses in lateral direction applied to the sheet 
immediately under the fixings were approximately 1.8 N/mm2. 
8.6.2 Load tests on cracked Netcem sheet B 
Cyclic loading characteristics of tensile ｳｰｾ｣ｩｭ･ｮｳ＠ were used to 
estimate the modulus of the cracked composite." The elastic moduli 
for various numbers of cracks within the 100 mm extensometer gauge 
length of the tensile specimens are shown in Table 8.5. 
Initially the Netcem sheet was cracked at two corrugations, then 
four ｣ｯｲｲｵｾ｡ｴｩｯｮｳ＠ and finally all the corrugations were fully 
cracked in the mid-portion of the span. Techniques described in 
Section 4.4.5 were used to predict the performance of the sheet in 
various cracked conditions under different loading regimes. 
The experimental results and ｴｨ･ｯｲ･ｴｩ｣ｾｬ Ｍ predictions of 
deflections under various loading regimes are shown in Figures 
8.28 to 8.47 and on all figures, the experimental curves are shown 
by a full line with the theoretical results represented by a 
dashed line. 
8.6.2.1 Two corrugations cracked 
In the uncracked condition, it was found that if point loads of 
about 0.25 kN were applied at the outer corrugation at mid-span 
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then the tensile strains at the bottom of the. corrugation were · 
about 180 micro strain. Therefore a load of 0.8 kN at this 
position was sufficient to crack the outer two corrugatiors and 
possibly the third corrugation. After recovering from this 
initial loading, the corrugated sheet was reloaded with a point 
load of 0.2 kN at the edge of the sheet. 
Figure 8.28 shows the plan view of the mesh pattern and the 
elastic moduli used for the analysis and Figure 8.29 shows the 
deflection profile at mid-span under this loading condition. 
Figures 8.30 and 8.31 show the deflection profile at mid-span 
under a point load of 0.2 kN applied at uncracked mid-corrugation 
and edge corrugation respectively. 
8.6.2.2 Four corrugations cracked 
Further cracks were developed on the third and fourth corrugations 
using concentrated loads of 0.8 kN at the second and third 
corrugations applied at the centre span. Thus two corrugations 
still ｲ･ｭ｡ｾｮ･､＠ uncracked. After unloading and deflection 
recoveries, the corrugated sheet was reloaded·for various loading 
regimes using the last unloaded shape as deflection datum as 
before. 
The plan view of the finite element mesh pattern, total number of 
cracks per corrugation and the elastic moduli used for the 
analysis are shown in Figure 8.32. Figure 8.33 shows the mid-span 
deflection profile under a uniform load of 0.908. kN/m2. 
Figures 8.34 ·and 8.35 show the deflection profile at mid-span 
under a point load of 0.4 kN applied at the edge of the cracked 
corrugations and at the mid-corrugation ｲ･ｳｰ･｣ｾｩｶ･ｬｹＮ＠
Figure 8.36 shows the mid-span deflection profile under a point 
load of 0.2 l<N applied at the edge of the uncracked corrugations. 
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8.6.2.3 All the corrugations cracked 
In order to crack the sheet severely it was subjected to a point .. 
loading of just over 1.2 kN at mid-span of every corrugation and 
four point loading system to an equivalent uniform load of 
3.5 kN/m2. Therefore every corrugation was considerably cracked. 
Between 62 and 70 transverse cracks were developed at each 
corrugation over a length of 500 mm at mid-section of the sheet. 
After these tests the deflection recoveries were recorded and once 
recovery had stopped, various tests on the fully cracked sheet 
were carried out. Time was allowed after each individual test for 
the deflections to recover. 
For the theoretical predictions two moduli were used as explained 
in Section: 4.4.5. E1 and Ez were used as shown in Table 8.5 for 
the initial and higher load levels respectively. These moduli 
were obtaine? from the average tangent moduli of cracked tensile 
specimens _in cyclic loading at stress levels of · 2.5 MPa and 
5.0 MPa respectively. 
Figure 8.37 shows the plan view of the mesh pattern, and the 
elastic moduli used for the analysis. 
The elastic moduli Ez were used to predict the deflection profiles 
under a point load of 0.9 kN at any corrugation. The load-
deflection curves were obtained from the ｡ｶ･ｲ｡ｾ･＠ of the two bottom 
corrugation deflections either side of the applied load and on all 
figures, the experimental curves are shown by a full line with the 
theoretical results represented by a dashed line. 
Figt1res 8.38 and 8.39 show the deflection profiles at mid-span and 
quarter span under a point load of 0.9 kN loaded at the edge· 
corrugation and Figure 8.40 shows the load-deflection curve under ··.· 
point loadtng applied at the edge corrugation. 
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Figures 8.41 and 8.42 show the deflection profile at mid-span and 
quarter span under a point load of 0.9 kN applied at mid-
corrugation ｡ｾ＠ Figure 8.43 shows the load-deflection curve under 
point loading at the mid-corrugation. 
Figures 8.44 and 8.45 show the deflection profile at mid-span and 
quarter span under uniform loading of 2.2 kN/m2. 
Figure 8.46 shows the experimental loading and unloading curve and 
theoretical loading predictions at two different load levels under 
uniform loading at mid-span calculated using E1 and E2 for the 
lower and higher load levels respectively. 
Finally Figure 8.47 shows the load-deflection results at mid-span 
under uniform loading for uncracked and fully cracked sheet. The 
experimental and theoretical results for the uncracked sheet are 
fitted by a straight line and for fully cracked sheet by a curve 
for the experimental results and points for the theoretical 
results. 
· 8.7 Discussion of results 
8.7.1 Tensile specimens 
Although the flat specimens of sheet A and B as shown in Tables 
8.1 to 8.3 have different thicknesses and fib}:"e volume fraction 
the elastic moduli obtained in longitudinal and lateral directions 
of uncracked specimens are similar. The elastic moduli of the 
composite obtained for the cracked specimens for various numbers 
of cracks as shown in Tables 8.4 and 8.5 reduce as the number of 
cracks ｩｮ｣ｲｾ｡ｳ･ｳＮ＠
Table 8.5 shows that in reloading a cracked specimen in direct 
tension, the initial modulus E1 reduces to modulus E2 as the load 
increases. 
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Figure 8.38: DeFLection proFile at mid-spun oF multiple 
cracked Nelcem sheet under point Load oF 0.9 kN. 
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Figure 8.39: DeFLection proFile at quarter-span oF 
multiple cracked Nelcem sheet under point Load oF 0.9kN. 
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8.7.2 Corrugated sheets 
8.7.2.1 Uncracked sheets 
Figures 8.5 to 8.9 show the experimental re.sults and theoretical 
predictions of deflections at mid-span under uniform loading for. 
tmcracked sheets A and B. Figures 8.5 and 8. 7 show a good 
agreement between the experimental results and theoretical 
predictions of average load-deflection curves of central 
corrugations for sheet A and B which have been tested in different 
support systems. This similarly applies to deflection profiles of 
Figures 8.6 and 8.8 £or Netcem sheet A and B respectively. 
Figures 8.6 and 8.8 show that the deflection. results of the edge 
corrugations of each sheet were not symmetrical. This was due 
partly to the non symmetrical geometry of the sheet finished edges 
and partly due to the resulting non-symmetrical loading 
､ｩｳｴｲｩ｢ｌｾｩｯｮ＠ in sheet A. This is best explained by looking at 
Fi.gure 8.6 where it can be seen that a uniformly distributed load 
could be applied in the left hand valley but not at the right hand 
edge. Als.o in Figure 8.8 it can be seen that there is more 
material and hence greater stiffness in sheet B at the right hand 
edge. Tensile strain results of sheet B in Figure 8.9 do not 
follow a similar pattern to the deflection profile; this may be 
due to the effects of the fixings. However, theoretical 
predictions agree closely with the experimental results. 
8.7.2.2 Cracked sheet A 
Figure 8.16 shows that the experimental results of cracked sheet A 
with total of 25 cracks under incremental uniform loading 
followed a curve but the theoretical prediction followed a 
straight line from zero load. This is because theoretically it 
was asstuned · that the cracked sheet behaved linearly on reloading, 
i.e. only one E value was used to analyse the performance of the 
sheet from zero load as described in Section 4.4.4. Whereas in 
reality the 'effective modulus of the cracked elements decreased 
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slightly as the load increased. The results show that at loads 
less than 2.5 kN/m2 the experimental deflections are less than the 
theoretical but at loads greater than 2.5 kN/m2 the theoretical 
deflections are greater, so that the elastic modulus used for 
cracked sheet in the analysis would exactly fit the experimental 
results at approximately 2.5 kN/m2. 
Figures 8.19 and 8.21 show similar shapes of experimental and 
theoretical reloading paths to Figure 8.20 but for total of 40 
cracks and when the sheet was fully cracked. The magnitude of 
deflections at a given load increased as expected with increasing _ 
number of cracks. This explains the point that in order to 
describe the experimental reloading path from zero load 
theoretically, various moduli should be used at different load 
levels and.for different numbers of cracks. 
The experimental unloading paths of Figures 8.19 and 8.21 show 
that on unloading the cracked sheet, the material is stiffer 
initially and it becomes less stiff at lower load levels. This is 
exactly opposite to the reloading behaviour of the cracked sheet, 
in which the material is stiff initially at lower load levels and 
less stiff .-at higher loads. This type of behaviour confirms the 
predictions of Keer (1983). 
On reloading the cracked sheet cracks open up further at higher 
loads before additional cracks are developed and hence the 
stiffness of the cracked region reduces. 
The deflection profiles of Figures 8.15 and 8.18 show good 
agreement between the experimental and theoretical results. 
Figure ＸＮＲｾ＠ shows a comparison of the results of uncracked and 
fully cracked sheet experimentally and theoretically. The 
theoretical prediction for loading between 2 kN/m2 and 3 kN/m2 are. 
good. However, in order to predict the experimental reloading 
path from zero load a stiffer modulus should have been used in the 
analysis as shown in Figures 8.16, 8.19 and 8.21. In these 
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figures it can be seen that the uncracked load deflection 
relationship is approximately the tangent at zero load to the 
cracked load-deflection relationship. 
8.7.2.3 Soru<ing results 
Figure 8.24 shows that the rate of warping of Netcem sheet for the 
first four hours of continuous soaking is nearly linear with time 
apart from· an unexplained acceleration at about 160 minutes • 
Figure 8.26 shows that after one hour of soaking the maximum 
upward deflection in Netcem sheet at mid-span of central 
corrugation was less than 4 mm but the deflection for asbestos-· 
cement sheet for the same period of time was approximately 18 mm 
as shown in Figure 6.39. This is maybe due to the differences in 
the ｴｨｩ｣ｫｮｾｳｳ＠ of the sheets. 
In the free support condition the maximum upward deflection of the 
central corrugation of Netcem sheet and asbestos cement sheet were 
approximately the same as shown in Figures ＸＮｾＵ＠ and 6 .. 38 • 
The predicted tensile stresses of less than 2 N/mm2 applied to the 
sheet around the fixings in wet conditions, in practice suggests 
that the Netcem sheet would remain tmcracked in continuous soal<ing 
and drying. 
8.7.2.4 Cracked sheet B 
Because of the similarity between the reloading paths of cracked 
Netcem sheet A and the cracked tensile specimens, reloading curves 
of the tensile specimens were also used to obtain the elastic 
moduli for cracked sheet B for various numbers of cracks as shown 
in Table 8.-5. 
Figures 8.29, 8.30 and 8.31 show the results of a 0.2 kN point 
load applied at mid-span at various positions when two 
corrugations were cracked. Figure 8.29 shows good agreement 
between the ·experimental and theoretical results except at the 
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cracked edge where the load is applied. This is because in the 
analysis the elastic modulus Ez which is the modulus for higher 
load level than 0.2 kN was used. Using· E1 -for the ·cracked section 
of the sheet· instead of Ez would give a much closer prediction 
i.e. the cracked section would be analysed stiffer so that less 
deflection would result at the cracked ｣ｯｲｲｵｧｾｴｩｯｮＮ＠
The theoretical results of Figure 8.30 slightly over-estimates the 
experimental results for no apparent reason. Figure 8.31 shows an 
excellent agreement between the experimental and theoretical 
results probably because the load was almost entirely carried by 
the ｵｮ｣ｲ｡｣ｫｾ､＠ ｣ｯｲｲｌｾ｡ｴｩｯｮｳ＠ for which the stiffness was accurately 
known. 
Figures 8.33 to 8.36 show the deflection profiles at mid-span for 
various loading regimes when four corrugations of the sheet were 
cracked. Figure 8.33 shows that under the uniform loading of 
0.908 ｫｎＯｭｾ＠ as in the uncracked sheet, (Figure 8.8) the two 
uncracked corrugations under load deflected the same amount but 
the average deflections of four cracked corrugations were 
approximately 45% greater than the uncracked sheet in Figure 8.8. 
This is due to the cracking and hence lower modulus of the four 
corrugations. 
Figure 8.36 shows approximately the same deflections for the same 
load level applied at the edge of the sheet as in Figure 8.30 
where the sheet had only two cracked corrugations. This 
emphasises that point loads have local effects ·and in this case, 
Where the level of load was only 0.2 l<N the load only effected two 
corrugations .at the edge and the rest of the sheet remained. 
approxim:J.tely uneffected. For the theoretical predictions of 
Figures 8.33 _and 8.34 modulus E1 which is the modulus for lower 
load levels was used in the analysis. The predicted deflections 
for Figures 8.33 to 8.36 were in excellent agreement with 
experimental results for various loadings. 
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Figures 8.38 to 8.46 show the deflection results under various 
loading regimes when the sheet was fully cracked at every 
corrugation •. Quarter-span deflection profiles were included in 
this section because they were between the uncracked and fully 
cracked sections of the sheet, while the mid-span deflections were 
in the fully cracked section. Therefore it was possible to have a 
good agreement in predicted deflections at mid-span but not at. 
quarter span or vice versa. 
ｾｩｧｵｲ･ｳ＠ 8.38 and 8.39 show that under a point load of 0.9 kN at 
the edge the theoretical predictions were slightly different at 
the other end where the sheet was lifted upwards. The local 
effects of point load are also shown in Figures 8.38 and 8.39 and 
in these ｣ｾｳ･ｳ＠ only the two corrugations at the edge where the 
load was directly applied were affected and the load distribution 
to the rest of the sheet was not significant. Under the edge· 
loading condition of the fully cracked sheet of Figures 8.38 to 
8.40 the experimental results and theoretical predictions show a· 
good ｡ｧｲ･ｾｲｮ･ｮｴＮ＠ Figures ＸＮｬｾＱ＠ and 8.42 show that the predicted 
upward def.+ection at the left hand edge and :at the middle of the · 
sheet where the load is applied are less than the experimental 
results but for the rest of the sheet the results are over-
estimated. There is no apparent reason for this but in general 
the predicted results are close to the experimental results. The 
predicted ﾷ ｾ ﾷ ｮ｣ｲ･ｲｮ･ｮｴ｡ｬ＠ load-deflection poif?.tS using E1 and Ez 
separately in Figure 8.43 if joined by straight lines would show a 
good agreement with the experimental reloading path. 
The theoretical predictions of deflection profile of the fully 
cracked sheet under uniform load slightly vnder estimated the 
experimental results except at the edges which were over-estimated 
as shown in Figure 8.44 • This may be ｢ｾ｣｡ｵｳ･＠ experimental 
control of uniform distribution of loads at higher load levels at 
the edge of the sheet was not very accurate due to piling of 
sandbags at the edge but the theoretical model assumes uniform: 
loading distribution throughout the loading stage along all the 
elements of the finite element mesh describ_ing the sheet. Mid-
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corrugation results are not effected so much by the loading 
distribution at the edge and only the total load on the sheet 
controls the deformations at mid-corrugations. So the discrepancy 
between the theoretical and experimental .results could be higher 
at the edges. However, this effect does not alter the results of 
the rest of the sheet significantly. 
The non symmetrical experimental and theoretical deflection 
results at the edges of Figure 8.45 were because one edge of the 
sheet has :a higher stiffness so it has deflected less than the 
other edge under the same loading as described previously. The 
predicted deflections shown in Figure 8.46 for the fully cracked 
sheet are excellent and if the predicted points at two different 
load levels are joined by straight lines good prediction of the 
experimental reloading path from zero load would be obtained. 
Figure 8.47 compares the deflections of the uncracked and fully 
cracked sheet under uniform loading and the experimental results 
prove that in reloading the fully cracked sheet, the corrugated 
sheet is initially stiff but the stiffness reduces at higher load 
levels. Therefore, the reloading path of. fully cracked sheet 
proved to be similar to the reloading path of cracked tensile 
specimens and the theoretical predicted results for cracked sheet 
using the moduli obtained from the reloading curves of tensile 
specimens proved to give excellent comparisons with the 
experimental results. 
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8.8 Concluding remarks 
1. The elastic modulus obtained from tension tests in the 
lateral direction for uncracked Netcem specimens was 
approximately 20% less than the modulus in the longitudinal 
direction. There was a good agreement in elastic moduli of 
Netcem ·tensile specimens of the sheets A and B. In cracked 
specimens the tangent moduli obtained at two stress levels of 
2.5 MPa and 5.0 MPa reduced as the strain from which they 
were previously unloaded increased. 
2. The Lusas finite element programme provided an excellent 
predictive method for assessing the performance of uncracked 
Netcem sheets A and B with various ｳｵｰｰｾｲｴ＠ systems. 
Experimental strain measurements for the uncracked sheet 
showed good agreement with the theoretical predictions. 
However, the strain gauges could not be used to estimate 
strains across cracks because only an average result is · 
obtai"D.ed compared with the very large local peak strain 
between the crack surfaces. 
3. Theoretical prediction suggests that in soaking the top 
surface of a fixed Netcem sheet for 12 hours continuously, 
the warping tensile stresses round the fixings would not 
exceed 2 N/mm2 and this maximum stress level could not cause 
any cracking of the sheet. 
4. The techniques used in predicting the performance of cracked 
Netcem sheets A and B for various numbers of cracks at 
､ｩｦｦ･ｾ･ｮｴ＠ corrLtgations and in the case of sheet B for various 
ｬｯ｡､ｩｾ＠ regimes have proved to be succe·ssful. The use of 
reloading characteristics of tensile specimens to estimate 
the elastic moduli at different load levels for the 
theoretical analysis of Netcem sheet B has shown a better 
prediction to the experimental performance of the sheet than 
the us·e of a single elastic mcxlulus. 
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5. The form of the reloading and unload'ing paths of a cracked 
sheet under t.miform loading, was similar to the reloading and 
t.rrU.oading paths of cracked tensile specimen tested in direct 
tension. 
6. loading a partially cracked sheet increased the deformation 
of the cracked corrugations from uncracked state but the. 
performance of the rest of the sheet remained relatively 
• · unaltered and similar to the nncracked sheet. 
7. Concentrated loads have local effects on the performance ｯｾ＠
the sheet which mainly deforms for one corrugation at eithe-!· 
side qf the applied load at mid-corrugation or two adjacent 
corrugations in case of loading at the edge. 
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OIAP.l'ER 9 
OONCUJSIOOS 
9.1 Material stress-strain cl1aracteristics 
a) Stress-strain curves of tensile specimens of asbestos cement 
were all similar in principle with smooth linear regions up to . 
350-450 micro strain with an average secant modulus of 21 GPa 
curving ｧｲｾ､ｵ｡ｬｬｹ＠ at higher strains with no sign of audible or 
visible ｣ｲｾ｣ｫｩｮｧ＠ or any irregularity associated with cracking 
tmtil a failure strain of approximately 0.2%. The stiffness of 
the composite reduced as the strain increased. 
The elastic modulus in bending of a single corrugation of asbestos 
｣ｾｮｴ＠ sheet in the longitudinal direction was 14.5 GPa, 
approximately 35io less than the modulus measured up to 300 micro 
strain in direct tension of the longitudinal tensile specimens. 
It is suggested this is due to the effects of sq.ear deformations 
within the lamina from which it is made. The elastic modulus of a 
cross section of the corrugated sheet in the lateral direction in 
bending was 18 GPa, approximately 14% less than the modulus 
obtained up to 300 microstrain of the longitudinal tensile 
specimens in direct tension. 
Stress-strain characteristics of asbestos cement specimens in 
direct tension and compression strained up to 600 micro-strain are 
similar with similar tangent moduli. 
b) Stress-strain curves of all the tensile specimens of 
polypropylene. network reinforced cement were similar with three 
distinct regions: uncracked, multiple ｣ｲ｡｣ｫｩｾ Ｎ ｡ｮ､＠ post cracking 
zones. The.average elastic moduli in the longitudinal and lateral 
directions of the uncracked composite were approximately 26 GPa 
and 21 GPa respectively. Composite failure strain was about 7% to 
Bio• 
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For cracked polypropylene network reinforced cement specimens in 
cyclic loading in tension, the stiffness of .the cracked composite 
reduced. as the . loading increased and the tangent moduli measured 
at two stress levels of 2.5 MPa and 5.0 MPa reduced as the strain 
from which unloading previously occurred increased. 
9.2 Uncracked corrugated -sheet testing 
a) The Lusas finite element programme provided an excellent 
predictive method for assessing the behaviour under different 
loading regimes of uncracked asbestos cement, polypropylene 
network reinforced cement and various asbestos free corrugated 
profiles of Eternit and Duracem sheets. Generally, the predicted 
shape of ｴｾ･＠ load-deflection curves and deflection profiles of all 
these materials closely followed the experimental curves. 
b) The strains predicted for various loading regimes and support 
conditions of asbestos cement corrugated sheet have shown a good 
agreement with the experimental results. Theoretical predictions 
and experimental tests have proved that asbestos cement corrugated 
sheet woul9 withstand typical service stresses, even with very 
poor support conditions, without any failure. 
c) Strains predicted for polypropylene network reinforced cement 
corrugated sheet have also shown a good agreement with the 
experimental results. 
d) The method of analysis carried out for tmcracked sheets could 
confidently be used to predict the performance. of. a fibre cement 
sheeting material with various section profiles in the uncracked 
condition. 
9.3 Wetting and drying 
The warping deflections of uncracked asbestos cement and 
polypropylene network reinforced cement corrugated sheets caused 
by moisture gradients in free support condition under continuous 
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soaking of the top surface were approximately the same. However 
it should be noted that the thickness of the Netcem sheet was 
about 4 mm, and the asbestos cement about 6.5 mm. In fixed· 
support conditions in the case of Netcem sheet the warping. 
deflections were minimal. 
The warping tensile stresses predicted near the fixings were 
unlikely to crack either asbestos cement or Netcem sheets during 
soaking. However, weaker materials could suffer damage in this 
area. In general, continuous wetting anq . drying as occurs in 
practice will continuously fatigue the sheet near the fixing 
points with tensile stresses which will depetld on the flexibility 
of the fixings . 
9.4 Cracked Netcem sheet testing 
a) The techniques developed to predict the performance of cracked 
polypropylene network reinforced cement sheets A and B have proved 
to be successful for various numbers of cracks a·t different 
corrugations. The predicted load-deflection curves and deflection 
profiles for various loading regimes with different numbers of 
cracks per corrugation were similar in shape and close to the 
experimental results. 
b) Reloading and unloading paths of the cracked sheet under 
uniform loading were similar to the reloading-unloading paths of 
cracked tensile specimens tested in direct tension. 
The average deflection of the severely cracked sheet under load 
was considerably higher than the uncracked sheet. For example· 
tmder a uniform load of 0. 7 5 kN/m2 the ､･ｦｬ･ｾｴｩｯｮｳ＠ of severely 
cracked sheet and uncracked sheet were approximately 2.6 rom and 
1.3 mm respectively •. In loading a partially cracked sheet the 
deflections of the uncracked corrugations ｲ･ｭｾｩｮ･､＠ similar to the ·. 
deflections of uncracked sheet under the same load. 
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c) Concentrated loads have local effects on the performance of 
uncracked or severely cracked sheet which mainly _deforms for one 
corrugation at either side of the applied _load at mid-corrugation 
or two adjacent corrugations in case of loading at the edge. 
d) The method developed foF the analysis of cracked Netcem sheet 
could ｷｩｴｾ＠ confidence be used for any type of corrugated sheet 
provided the material has similar tensile characteristics. This 
will ｣ｯｮｳｩｾ･ｲ｡｢ｬｹ＠ reduce the amount of experimental work ｲ･ｱｵｩｲ･ｾ＠
for any new design of composite or for different corrugation 
profiles. · 
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QIAPIER 10 
The following recommendations are for work on polypropylene 
network reinforced cement corrugated sheet ·which is considered as 
an alternative material to asbestos cement • 
1) The theoretical analysis described in this thesis could be 
extended to design an optimum section profile for sheeting for 
various spans, for lower cost and more efficient performance. 
However, for designing the profile the implication of the 
manufacturing process must be considered carefully. In general, 
the optimum profile should have more material in the tensile zone 
and the geometry must consider the flattening of the corrugation 
under load which in turn reduces the moment of resistance of the 
tension area in flexure. In all cases the volume of material in 
the sheet must be kept to minimum. 
2) To esti_mate the optimum volume of the net for a given 
thiclcness of the sheet will require further investigation into the 
stresses set up locally at a crack in two directions in the sheet 
in service conditions. In the analysis long term performance of 
the fibres in the cement matrix should be also be considered. 
3) Further investigation into the prediction :of warping stresses 
caused by moisture gradients on a fixed sheet subjected to wetting 
and drying is required with consideration given to the flexibility 
of the fixings. The analysis should be .extended to the 
investigation of the effect of extreme enviror_nnental fluctuations 
in temperatures and humidity to which the sheets would be exposed, 
for example in the climatic conditions of the Middle East or 
Scandinavia. 
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APPENDIX A 
. llJSAS 
A.1 Data preparation.procedure 
Once the user has decided on the type of element, the element 
mesh, material properties, boundary conditions and loading cases 
for a problem, ｴｾ･＠ descriptive data has to be prepared. The data 
file, is divided into a series of chapters, each of which begins 
with a command word. These chapters must be in the order 
specified. All the data input for Lusas is in free format field 
in which data items are separated by blanks or commas. 
PROBLEM indicates. that a new problem is to be started. If a 
sequence of problems is to be solved in one run, each set of data 
must be preceded by the problem command. 
TITLE is an option which may be appended to any command line. It 
causes any following text to be displayed on output. 
UNITS is an optional chapter which may be used to specify the 
units of force and length to be displayed on output. These units 
should be used consistently throughout input. · If this chapter is 
omitted no symbols for force or length will be output. 
OPTIONS selects the various alternative solution schemes, output 
requirements etc., required during the current problem. 
[type] ELEMf.Nl' TOPOLOGY firstly indicates the element to be used 
in solving the problem, and secondly describes each element nodal 
connections. To generate the element nodal connections the 
powerful incremental line generator (ILG) (section A2), can be 
used. 
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SOLUTION .ORDER is an optional chapter which may be used tore-
order the elements into their optimum solution order. This 
facility is. particularly useful for larger problems when the 
elements may have been numbered for convenience of generation. 
The element order is critical because it governs the solution time 
and case storage requirements during the solution phase. 
NODE . OOORDINATES. The ncx:le number and coordinate of every node in 
a structure must be specified. For this reason there is a wide 
variety of coordinate generation facilities available. For 
example spacing option can be used to generate the coordinates. 
During the coordinate generation the nodes may be arbitrarily 
numbered without increasing the solution time or case storage 
since the equations are solved in element order using the frontal 
solution ｰｲｾ･､ｵｲ･Ｎ＠
[type) GE<l'1EI'RIC PROPERTIES. The overall geometric shape of an 
element is defined by . the element nodes. However, certain 
elements require additional information regarding the thickness, 
cross-sectional area, . or eccentricity of an element. When using 
Semi-Loaf shell elements the thickness is described at each node 
and hence varying thickness within elements ｣｡ｾ Ｎ＠ be accommodated if 
required. 
MATERIAL PROPERTIES/RIGIDITIES must be specified for all elements. 
There is a facility for non-linear, isotropic, anisotropic and 
orthotropic materials. 
SUPPORT NODES. The various types of supports for. a stntcture can 
be specified .at nodes. Lusas can accommodate ·free, restrained, 
restrained with a prescribed displacement or spring supports for 
··each freedom at· a node. 
LOAD CASE introduces the various loading types. For linear 
problems any ｾｵｭ｢･ｲ＠ of load cases may be solved simultaneously. 
Nonlinear problems only allow one load case to be solved and 
require the chapter to be repeated on each increment. There are 
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many types of loading available ranging from simple concentrated 
nodal loads to uniformly distributed loads, temperature and 
centrifugal loads. 
ELEMENI' .ourrur CONTROL is an optional chapter which is 
particularly useful for larger problems when the amount of the 
output can be substantial. Ordinarily if the stress output options 
are declared, stress output for all elements will occur, but when · 
the element output is described, only those elements using the 
implied sequence generator (ISG) (Section A2) receive stress 
output. 
NONLINEAR/DYNAMIC/TRANSIENT CONTROL is used to specify the number 
of iteration scheme, the convergence criteria, and the frequency 
of output for non-linear problems, or the time step interval for 
dynamic/transient problems. 
EtiD must be included at the end of the data file to instruct the 
system to stop and output the relevant solution times and disk 
transfer counts if several problems are to be solved only one END 
is required. 
On completion of the data input summary is output which informs 
the user of the total number of nOdes, elements, support nodes and 
load cases specified. 
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A.Z Data generation facilities in Lusas 
Some of the Lusas facilities which have been used for data 
generation of the full size corrugated sheet are briefly described 
below. 
i) General -incremental line generation {ILG) 
1his has been used for different stages of input and the following 
are commands used to generate the element topology and spacings 
between the node co-ordinates. 
First 
inc 
inc 
where 
v. ｾ＠ (i = 1,n) R. 
(i = 1,n) 
(i = 1,n) Rz 
Vi is the numerical values on the data line to be 
generated 
n is the ｮｵｮｾｲｩ｣｡ｬ＠ values on the data line 
R is the total number of repetitions of the first data 
line. Default R = 1 
11mVi is the increments added to all data lines 
generated in the lower (m-1) levels. 
is the total ｮｾｭ｢･ｲ＠ of repititions of all data lines 
generated in the lower (m-1) levels. 
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ii) Automatic data generation 
- -Implied -sequence -generation (ISG) 
The ｳｩｭｰｬ･ｾｴ＠ form of generating a sequence is in the form of 
implied sequence generation, ie First - ｌ｡ｳｾ＠ - difference 
where 
First is the initial number of a sequence of numbers 
Last is the last number of a sequence of numbers 
Difference - is the difference between the numbers of the 
sequence and must be an unsigned integer. 
This statement was used in generating geometric properties, 
material properties, support node, load cases and element output 
controls. 
For more comprehensive details the reader should refer to the 
Lusas manual (Lusas, 1980). 
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A.3 Prepared data for the analysis of corrugated sheet 
PROBLEM TITLE Analysis of uncracked Netcem sheet under uniform 
loading 
UNITS N Mv1 
OPTION 13 58 55 44 
QSlS ｾ＠ TOPOLOOY 
FIRST 1 1 14 27 28 29 16 3 2 
INC 1 2 2 2 2 2 2 2 2 6 
INC 6 26 26 26 26 26 26 26 26 56 
NODE COORDINATES 
1 -60.1 0 46.19 
14 -48.3 0 37.11 
27 -37.3 0 27.39 
40 -27.1 0 17.51 
53 -16.8 0 7.99 
66 -8.85 0 3.71 
79 0 0 1.85 
92 9.3 0 3.71 
105 17.7 0 7.99 
118 28 0 17.51 
131 38.4 0 27.39 
144 48.9 0 37.11 
157 60.7 0 46.19 
170 66.7 0 48.87 
183 73.15 0 50.12 
196 79.8 0 48.87 
1327 877.8 0 1.85 
1340 887.1 0 3.71 
1353 895.5 0 7.99 
1366 905.8 :· o 17.51 
1379 916.2 0 27.39 
1392 926.7. 0 37.11 
1405 938.5 0 46.19 
1418 944.5 0 48.87 
1431 950.95 0 50.12 
1444 966.2 0 44.12 
270 
1457 978.3 0 33.19 
1314 868.95 0 3.71 
1301 861 0 7.99 
1288 850.7 0 17.51 
1275 840.5 0 27.39 
1262 829.5. 0 37.11 
1249 817.7.: .0 46.19 
1236 811.3 0 48.87 
.... 13 -60.1 . 690 46.19 690 - represents half of the 
26 -48.3 690 37.11 total span. Because of the 
39 -37.3 690 27.39 symmetry of the structure 
52 -27.1 690 17.51 only 1/2 of the sheet is 
65 -16.8 6.90 7.99 analysed. 
78 -8.85 690 3.71 
91 0 690 1.85 
104 9.3 690 3.71 
117 17.7 690 7.99 
130 28.0 690 17.51 
• 
143 38.4 690 27.39 
156 48.9 690 37.11 
169 60.7 690 46.19 
182 66.7 690 48.87 
195 73.15 690 50.12 
208 79.8 690 48.87 
1339 877.8 690 1.85 
1352 887 .1· 690 3.71 
1365 895.5 690 7.99 
1378 905.8 690 17.51 
1391 916.2 690 27.39 
1404 926.7 690 37.11 
1417 938.5 690 46.19 
1430 944.5 690 48.87 
1443 950.95 690 50.12 
1456 966.2 690 44.12 
1469 978.3 690 33.19 
1326 868.95 690 3.71 
1313 861 690 ' 7.99 
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1300 850.7 690 17.51 
1287 840.5 690 27.39 
1274 829.5 690 37.11 
1261 817.7 690 46.19 
1248 811.3 690 48.87 
SPACI:t\G 
1 1249 208 6*146.3 
14 1262 208 6*146.3 
• 27 1275 208 6*146.3 
40 1288 208 6*146.3 
53 1301 208 6*146.3 
66 1314 208 6*146.3 
79. 1327 208 6*146.3 
92 1340 208 6*146.3 
105 1353 208 6*146.3 
118 1366 208 6*146.3 
131 1379 208 6*146.3 
144 1392 .208 ＶＢｾｾＱＴＶＮＳ＠
• 
157 1405 208 ＶＧ＾ｾＱＴＶＮ＠ 3 
170 1418 208 6*146.3 
183 1431 208 ＶＢｾＧＨＱＴＶＮＳ＠
196 1236 208 5*146.3 
13 1261 208 6*146.3 
26 1274 208 ＶＧＩｾＱＴＶＮＳ＠
39 1287 208 6.,'<"146.3 
52 1300 208 6*146.3 
65 1313 208 ＶＢｾ｜ＭＱＴＶＮＳ＠
78 1326 208 6*146.3 
91 1339 208 6*146.3 
104 1352 208 ＶＢｾＧＨＱＴＶＮＳ＠
117 1365 208 6.,'<"146.3 
130 1378 208 6*146.3 
143 1391 208 6*146.3 
156 1404 208 6*146.3 
169 1417 208 6*146.3 
182 1430 208 6*146.3 
195 1443 208 6*146 •. 3 
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,. ' ·. · 
• 
208 1248 ' 208 5·k146.3 
SPACING 
FIRST 1 13 1 . ＲＧＩｾＷＵ＠ 2*67.5 2*62.5 2*50 4')"45 
INC 13 13 (113) 
DELETE NODES 15 1445 26 
DELETE NODES. 17 1447 26 
DELETE IDDES 19 1449 26 
DEIEI'E NODES 21 1451 26 
DELETE NODES 23 1453 26 
DELETE NODES.· · 25 1455 26 
QSL8 ｇｾｃ＠ PROPERTIES 
1 336 1 ＳｾＷＰ＠ 3.70 3.70 3.70 3.70 3.70 3.70 3.70 
MATERIAL PROPERTIES OR1HarROPIC 
1 336 1 21.18E3 25.865E3 0 0.2 0 0 
SUPPORT NODES 
79 1327 208 F F R F F 
391 0 0 R F S F F 0 0 60 0 0 
1223 0 0 R F S F F 0 0 60 0 0 
13 1469 26 F R F F F 
26 1456 26 F R F F F 
LOAD CASE 
UDL 
1 336 1 0 0 -.00069784 
ELEMENT OUTPUT CONIROL 
23 24 1 -1 
65 66 1 1 
161 162 1 1 
258 264 6 1 
277 283 6 1 
306 0 0 1 
END 
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A.4 Output of results 
The printed _?utput from Lusas is self-explanatory and is a series 
of tables which commence with a table heading followed by column 
headings. The column headings contains the appropr:iate symbols 
for units as provided by the user on a UNITS input line. Tables 
of the input data in expanded form are listed first, followed by 
tables of results, some of which are optional. Additional 
infonnation is also printed out such as the computer time at the 
end of each stage, total number of elements, nodes supports, load 
cases, total number of freedoms and the array size required for 
each ｳｴ｡ｧ･ｾ＠
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APPEliDIX B 
The Formex formulation for the graphical presentation of the 
finite element mesh pattern of uncracked Netcem sheet B is as 
follows: 
G = Pex ' tRinid (56,12,1,1,) :Rosid (3.5,0.5) l[3,0,0;4,0,0] 
Use VN (10,30), Vs (0.2) 
Use Vm (0,0,0,0,0,1) V1 (20,-80,30,10,10,0) 
Use t (1,1,1,0,1,1,1,1,0,56,0,12) 
Draw G 
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• 
APPENDIX C 
Sheet testing equipment. 
LOG - PAC 1000 Data logging facility by DATRON LTD 
Consisting of 
CBM Pet Computer Commodore Model 4032 
CBM Floppy Disk drive unit Model 4040 
Epson Printer 
Datron Signal Selector Model 1220. Including 20 LVDT charmels arx:l 
40 strain gauge channels. 
Datron 1065 Autocal Digital Multimeter 
2 kN proviitg ring Wykeham Farrance 
2 kN load cell type OC/4 Transducers (CEL) Limited 
Sarx:l bags various weights arx:l dimensions (Chapter 5) 
Strain gauges TML strain gauges 
Type PL - 5 - 11 
PL- 10 - 11 
PL- 20 - 11 
PL - 5 - 11 
LVDT 
Sangarno type OCR / 50rrm/ S 10 vdc 
Activated and amplified by a Sands-Whiteby 20 channel satellite 
unit. 
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